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Greenhouse with the rooftop semi-transparent solar cell is a better way of controlling plantation 
environmental conditions with reduced electricity costs without utilizing extra land for solar panel 
installation.  However, the semi-transparent thin film solar cells that are suitable for rooftop 
installation have low power conversion efficiency (PCE) and less stable when compared with silicon 
solar cells.  The semi-transparent perovskite solar cell (PSC), with potential for high PCE, is suitable 
for rooftop electricity generation while allowing partial light to pass through. 
Using PSCs with different colours for electricity generation allows light with a particular wavelength 
range to pass through for different plantation needs.  This could be achieved either externally with 
nanostructures on the transparent substrate, or internally by modifying the perovskite thin film 
composition to tune the optical absorbance position with band gap tuning.  Applying 
nanostructures on PSC can improve the device’s performance by minimizing the reflected incident 
light.  Besides, doping plasmonic nanoparticles within the nanostructures could increase 
absorbance at the particular wavelength range or blue-shifts incident light with a shorter wavelength 
depending on the nanoparticle size.   Modifying the composition of the perovskite thin film is 
another way to achieve wavelength selectivity.  While the occurrence of PL peak shiftings due to 
the change of anion concentrations within the perovskite composition has been reported by 
literature for perovskite solar cells, I/Br mixture, and Br/Cl mixture, there was no report on the full 
spectrum of caesium contained perovskite solar cell with various anion mixtures, including I/Cl 
mixture. 
This research first looked into the possibility to fabricate the perovskite solar cell with the common 
semiconductor fabrication environment with little control over humidity.  Different fabrication 
methods and conditions of each layer within the device have been experimented and characterised.  
The PCE of the fabricated device reached close to 10 %.  A comparison of common performance 
results of the device fabricated without humidity control and with some of the humidity control has 
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been looked at to show the effect of humidity on the device.   
The second part of the research looked into the application of nanoimprinted upright nanopyramids 
on perovskite solar cell for PCE improvement and the possibility of doping the UV curable resist with 
solvent based Au9(PPh3)8(NO3)3 nanoclusters to form the nanopyramids with nanoclusters within the 
nanopyramids.  The change in the nanostructure’s physical and optical characteristics when it is 
doped with Au9(PPh3)8(NO3)3 has been investigated.  Moreover, the robustness of the 
nanopyramids and the long term stability of the nanostructure with or without Au9(PPh3)8(NO3)3 
have been studied.  The maximum temperature for the nanostructures to maintain reasonable 
optical transmittance dropped from over 250 °C for undoped nanopyramids to less than 200 °C for 
Au9(PPh3)8(NO3)3 doped nanopyramids. 
The final part of this research studies the possibility of achieving wavelength selectivity by modifying 
anions in the composition of caesium contained triple cation PSC with the control sample based on 
the popular Cs0.05MAFAPb(Br0.17I0.83)3 composition published by Saliba et al [1].  The result shows 
that increasing the Br concentration blue shifts the optical absorbance and the PL peak to 
wavelengths shorter than 550 nm.  Sample with Br/Cl mixed anion further blue shifts the 
absorbance even further to wavelengths with 500 nm or even shorter.  The spectral response of 
the devices incorporating different anion mixtures agrees with the UV-Vis absorbance spectrum and 
PL spectrum. 
The research outcome shows that it is possible to achieve wavelength selectivity with the PSC, either 
by the application of nanopyramids on the device or by modifying the perovskite layer.  Further 
optimization of the overall performance of the PSC is still required.  The long term stability of the 
device also requires further investigation.  Testing on the solar cell with the application of 
Au9(PPh3)8(NO3)3 doped nanopyramids is needed to investigate the change in device PCE.  The 
perovskite thin films of different anion concentrations need to be further optimized to find better 
ratios between the cations and anions for better electrical performance of the devices with different 
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Greenhouse plantation has always been a very useful way to control the conditions of growing 
environments for plants.  However, an excess amount of electricity for heat generation is required 
to control the environment for plant growth, especially during the wintertime in cold climate places 
such as New Zealand.  In consequence, a price surge in vegetables in the winter season can be 
observed.  This can range from less than $4 per Kg in summer to over $10 per Kg in winter for 
tomatoes in retail shops [2] and less than $5 per Kg in summer to over $15 per Kg in winter for 
cucumbers [3]. 
Solar cell powered greenhouse can provide greenhouse the heat required without utilizing 
electricity from the grid, reducing the cost of greenhouse plantation.  However, utilizing 
conventional silicon solar cells requires a huge land area to accommodate the electricity generation 
the greenhouse needs.  If the cells are placed on top of the greenhouse structure, all light will be 
absorbed or reflected by silicon solar cells before reaching the plants in the greenhouse, resulting in 
plants not receiving the required light intensity and quality for their growth cycle.  According to a 
comparison study 
Thin film photovoltaics that is transparent or semi-transparent can overcome this kind of problem 
by allowing light with certain wavelengths that are not absorbed by the solar cells to pass on to 
plants.  Light with wavelengths shorter than 525 nm and wavelength longer than 640 nm, for 
example, is essential for plant photosynthesis.  Moreover, a recent study by P. Bombelli’s research 
group revealed that there is an overall financial gain of 2.5 % when transparent amorphous silicon 
solar panels (with 8 % power conversion efficiency) are installed on the greenhouse rooftop.  While, 
depending on the type of plants, there is a certain amount of yield loss in marketable biomass, the 
amount of protein in the plant has increased, and a redirection of plant metabolic energy toward 
tissues above ground can be seen. [4]  However, the overall power conversion efficiency of these 




of the perovskite solar cell since 2009 shows huge potential in overtaking the silicon solar cell in 
overall power conversion efficiency. The theoretical power conversion efficiency (PCE) of the 
perovskite solar cell is close to 31 % [5], which is very close to the 32 % PCE limit of the silicon solar 
cell [6]. 
 
Figure 1-1 Progress in the performances of emerging photovoltaics.  The recorded power conversion efficiency of the 
perovskite solar cell has reached over 25 %.  This plot is courtesy of the National Renewable Energy Laboratory, Golden, 
CO [7].     
Perovskite solar cell (PSC) is one of the third generation solar cells with tremendous potential in 
solar-electricity power conversion.  It was first introduced by Miyasaka’s research group in 2009 by 
using the hybrid organic-inorganic lead halide material with perovskite crystal structure as the active 
photon absorbing dye for Quantum dot dye sensitized solar cell (QDDSSC), resulting in a power 
conversion efficiency of 3.8 % [8].  However, little attention was given to this research outcome due 
to the poor stability of perovskite quantum dots in the liquid electrolyte.  The power conversion 
efficiency of the device was later improved in 2012 to 9 % when the liquid electrolyte was replaced 
by the solid thin film of the hole transport layer for the solid-state dye sensitized solar cell [9].  
While the operation mechanism of the dye sensitized solar cell is usually explained via the 
photoelectrochemical system approach, the perovskite solar cell system is usually explained with 




Perovskite solar cell research.  The overall power conversion efficiency of PSC improved from 3.8 % 
to 21 % in 6 years [8, 10], with the most recent recorded best overall power conversion efficiency of 
25.2 % for single-junction perovskite solar cells.  Figure 1-1 shows the progress of PSC 
performances in comparison with other types of emerging photovoltaics. 
Furthermore, the UV-Vis absorption spectra of PSC, as shown in Figure 1-2, indicated that PSC 
absorption in the visible light region (300 nm-700 nm) is relatively high, but it can be tuned according 
to the type of anions used.  Noh et al. has compared samples with different iodine and bromine 
content with Methylammonium based perovskite solar cell and deduced that increasing the 
concentration of bromine in MAPbI3 based perovskite results in a blue shift of optical absorbance. 
[11] 
 
Figure 1-2 (a) UV-Vis wavelength absorbance at room temperature for Pb(I(1-x)Brx)3, where (I(1-x)Brx)3 is the anion for PSC 
with different ratios of iodine and bromine (b) Sample images of MAPb(I(1-x)Brx)3 thin film with different concentration 
of iodine and bromine on glass substrates.  Reprinted with permission from Noh, J. H.; Im, S. H.; Heo, J. H.; Mandal, T. 




This provides a possibility to let the light pass through the device with a certain wavelength for 
certain plantation needs while absorbing other light wavelengths for electricity via PSC. [12, 13]  
Despite having high absorbance in visible light, PSC can also be made as a semi-transparent device 
with transparent electrodes [14, 15].  This makes PSC a potential candidate as a greenhouse 
electricity provider when used on greenhouse rooftop. 
Similar to silicon solar cells, apart from the original p-i-n solar cell structure, additional features on 
the device can improve the overall performance.  More noticeable research regarding the use of 
coating micro/nanostructures on the devices for light trapping to improve the percentage of the light 
being absorbed and the application of encapsulation for long term stability is getting more attention 
[16, 17]. 
While most of the wavelength tuning was done by adding extra layers on the PSC or combining 
another device with the PSC [18-20], very little research was focusing on modifying the active 
perovskite layer itself for wavelength selectivity.  It is known that changing the concentration of 
iodine, bromine, or chlorine in the perovskite mixture would change the possible range of 
wavelength absorption spectrum.  There are few publications on MAPbX3, or CsPbX3 based 
perovskite solar cell bandgap tuning [21], but so far not much research relating to triple cation 
perovskite solar cell bandgap tuning, as well as no report on how far can the absorbance redshifts 
or blueshifts with the modification of compositions.  Furthermore, the only triple cation related 
reports regarding tuning the bandgap were for laser purposes and presented only the results from 








1.1 Light for plantation 
 
 
Figure 1-3 Visible wavelength range with corresponding colors.  Reproduced with permission from Encyclopaedia 
Britannica [23]. 
There are two factors in light energy that have a great effect on the plant’s growth cycle.  One is 
the light intensity, a primary parameter when investigating the plant’s photosynthesis process.  The 
other one is the spectral distribution of radiation, as shown in Figure 1-3, which has various effects 
on plant colour, taste (regarding edible plants), aroma, and photosynthesis depending on which 
particular wavelength the plant absorbed [23].  Below is a brief review of the effect of different 
light wavelengths on plant growth. 
Near UV light (380 -400 nm) is one of the main contributors to plant colour, taste, and aroma.  This 
is the shortest wavelength in the visible light region that could be absorbed by the plant without the 
occurrence of any damages.   The absorption of near UV light enhances the antioxidant activity of 
plant extracts.  Other UV light with shorter wavelengths (UV-B and UV-C, λ<380 nm) are mainly 
harmful to plants.  The violet and blue light (400 -500 nm) have a strong influence on 
photosynthesis and vegetation growth through root growth.  Therefore, light wavelengths within 
this range are usually used as one of the light sources for seedlings or young plants.  The green and 
yellow light (500 -600 nm) have less influence on vegetation growth.  Light wavelength in this 




other region.  However, the green and yellow light are still important for plants.  For growing 
tomato in an enclosed environment, for example, the plant grows better under a mixture of green 
and red light compared with growing under a mixture of blue and red light [24].  The red light (600 
-700 nm) is the most important light source for photosynthesis, flowering, and fruit production [25, 
26].  Singh et al. from Germany sorted a list of research done by various researchers in the past 
regarding vegetable growth in relation to light wavelengths [26].  The study shows that most 
vegetables grow best under exposure to red light.  This is mainly because the red light is absorbed 
by the phytochrome system in plants [27].  The phytochrome system helps the plant to grow away 
from the shadow towards the sun.  Far-red and infrared light (700 -1000 nm) is also absorbed by 
the phytochrome system.  It is one of the necessary light sources for short-day plants [25].  This 
wavelength dependence of plant growth is shown in Figure 1-4.  Different components in the plant 
absorb different light at different wavelengths. 
 
Figure 1-4 Different components of the plants absorb light in different wavelength regions and the comparison of LED 




1.2 Research Goals 
The first part of this research looks into the possibility of fabricating and optimizing perovskite solar 
cells with the facilities at The Nanofabrication Laboratory, the University of Canterbury in New 
Zealand.  The expected goal is to fabricate devices with reproducible PCE at over 5 % for initial 
fabrication tests, taking the effect of moisture into account, following the commonly used recipe 
adapted by most perovskite solar cell researchers for MAPbI3 based perovskite solar cell.  Once the 
initial 5 % PCE is achieved, further improvements in PCE by trying different fabrication methods and 
parameter optimizations.   
The second part of the research is looking at the possibility of applying upright nanopyramids on 
perovskite solar cells, and the possibility of doping the nanopyramids with nanoparticles or 
nanoclusters to change the transmittance or absorbance at particular wavelength regions.  The 
long term stability of the nanopyramids regarding the physical and optical characteristics will also 
be examined.  Nanopyramids are usually highly hydrophobic, the hydrophobicity of the features 
after doping nanoclusters will also be tested. 
The final part of the research is to fabricate perovskite solar cells with different colours by changing 
the composition of the active perovskite layer.  The composition with the I/Cl anion mixture will 
also be examined to understand why this particular mixture has been left out by the published 
literature.  This could confirm the possibility of achieving wavelength selectivity with solar cells for 
greenhouse applications. 
1.3 Present work 
The outcome of perovskite solar cell fabrication with uncontrolled humidity is the first goal for this 
research, examining the possibility of fabricating the device without the requirement highly 
expensive chamber for humidity control.  The second part of this research looks into the possibility 




and fabrication optimized in the first part to minimize the incident light being reflected and study 
the possibility of doping the nanopyramids with nanoparticles to achieve wavelength selectivity.  
The final part of the research looks into the possibility of modifying the composition of the active 
perovskite layer for wavelength selectivity.   
In chapter 1, current progress in perovskite research, including the performance of perovskite solar 
cells and the factors that affect the stability of perovskite solar cells will be discussed in detail.  
Chapter 2 provides the description and explanations of thin film deposition and characterization 
techniques used in perovskite solar cell fabrications, as well as the technique used for solar cell 
performance characterizations.  Chapter 3 describes the various deposition methods used for 
optimizing perovskite solar cells, such as one-step spin coating, sequential deposition, and anti-
solvent method, and how the different factors affect the performance of the fabricated solar cells.  
The use of nanopyramids on the perovskite solar cell has been applied and tested and presented in 
chapter 4. This includes studying the possibility of doping the nanopyarmids with nanoparticles or 
nanoclusters to observe their influence on the absorbance of perovskite material at a particular 
wavelength region.  A different approach in achieving wavelength selectivity with perovskite solar 
cells is described in chapter 5.  This is done by alternating the composition of the active photon 
absorbing layer to obtain perovskite solar cells with different colour absorbance spectrum.  The 
final chapters, chapter 6 and chapter 7, provides the conclusions that summarize the overall research 
work in this thesis and suggestions for future work that can be performed based on the present 
research. 
1.4 Conclusions 
Generating electricity with the solar cell for greenhouse rooftop applications require semi-
transparent solar cells with different colours that allow light with different wavelengths to pass 
through for different stages of plant growth.  Perovskite solar cell is considered as the most 




power conversion efficiency reaching over 25 % for the single-junction perovskite solar cell.  This 
particular solar cell has high efficiency and at the same time is semi-transparent, making it a good 
candidate for greenhouse rooftop electricity generation without affecting the greenhouse 
plantations.  However, the fabrication of the device required an expensive glovebox to minimise 
the effect of moisture, UV light, and temperature on the active film crystallization.  This research 
looked into the possibility of fabricating the perovskite solar cell for wavelength selectivity with a 
laboratory environment that only has a certain level of humidity and temperature control.  
Moreover, additional light trapping with upright nanopyramids for overall power conversion 






2. Photovoltaic Device 
2.1 Converting sunlight to electricity 
There are two main methods of converting solar energy into electricity.  One is the use of solar light 
to produce heat for electricity generation.  This is usually approached by using a mirror/ reflector 
to collect the sunlight, then redirect and focused the light to the receiver.  The heat transfer fluid is 
then being heated to produce steam that used for power generation.   The second method is the 
conversion of photon energy to generate electricity, such as solar cells.  For conventional silicon 
solar cells, the operation theory is based on the photovoltaic effect in p-n junction semiconductor 
theory.  When a p-type semiconductor connects to an n-type semiconductor, a depletion region is 
formed at the interface. Under the illumination condition, when the photon energy from sunlight is 
similar to the bandgap energy of the semiconducting material, then the photon energy is absorbed 
by the material to generate electron-hole pair in the depletion region.  The electron and holes are 
then separated and transported in opposite direction to the edge of the depletion region, toward 
the p-type and n-type material.  When the device is operated without light illumination, it is 





Figure 2-1 Typical solar cell IV characteristics showing the related parameters that are important for the solar cell. The 
image remains the copyright of Ossila Ltd. Taken with permission from Ossila.com. [29] 
2.1.1 Solar cell characteristics 
To calculate how much light has been converted into electricity, several important parameters need 
to be looked at.  Figure 2-1 shows a typical IV characteristic of a solar cell under light illumination.  
The measurement of the solar cell is usually done by using an indoor light which is calibrated to the 
same intensity as sunlight.  The current of the device is then measured using a source meter with 
a voltage sweep under light illumination.  Detailed characterization techniques, including the 
equipment used, are provided in section 2.4.  JSC, short circuit current density, is a measure of the 
electric carriers in the device generated by light.  The measured JSC does not get affected by the 
active area of the device.  The open circuit voltage, VOC, refers to the maximum voltage that can be 
generated by the solar cell.  JMP and VMP refer to the current density and voltage where maximum 
power (PMP) occurs.  Fill factor looks into the ratio between maximum power output measured 
from the device and the product of device JSC and VOC.  The device power conversion efficiency, η, 











Where PIN is the input power from the light, and ISC is the active area dependent short circuit current 
of the device, which can be converted to JSC with equation 2-2: 
 𝑰𝑺𝑪(𝐴) = 𝑱𝑺𝑪(𝐴 𝑐𝑚
2⁄ ) × 𝑨(𝑐𝑚2) (2-2) 
where A is the active area of the device.  
In addition to the parameters mentioned above, the internal resistance in solar cells is also important 
as it affects the voltage and current output of the solar cell.  The equivalent electrical circuit of a 
solar cell is illustrated in Figure 2-2.  The internal resistances are greatly affected by the quality of 
the thin film material, the quality of the interface between thin films.  RSH refers to the internal 
shunt resistance and RS refers to the internal series resistance.   
 
Figure 2-2 Equivalent electrical circuit of a solar cell.  The current and voltage of the device are greatly affected by the 
internal shunt resistance and series resistance. 
2.2 Perovskite solar cell 
 
Figure 2-3 Image of perovskite solar cell sample fabricated at the University of Canterbury showing the counter gold 
electrode. 




magazine in 2013 [30].  Figure 2-3 shows the perovskite solar cell fabricated in this work at the 
University of Canterbury.  The first time perovskite crystal structure material was used as an active 
photon sensitizer in Dye sensitized solar cell (DSSC) was in 2009 by Miyasaka’s group [8].  The 
material consists of crystal structure form of ABX3, with A refers to the monovalent cation such as 
methylammonium+ (MA+), B as the divalent transition metal cation such as Pb2+, and X is the halide 
anion such as I-.  The MA+ cations form a cage around the octahedron PbI6 crystal, as shown in 
Figure 2-4. 
 
Figure 2-4 a) Perovskite generic crystal structure [31].  A refers to the organic monovalent cation such as MA+, B refers 
to the inorganic cation such as Pb2+, and X, such as I- is the anion that links the crystal with adjacent Pb2+ in the perovskite 
crystal lattice.  The MA+ cations form a “cage” around the octahedron PbI6.  b) An equivalent way of demonstrating 
perovskite MAPbI3 crystal [32].  The MA+ cation is surrounded by the octahedron PbI6 crystals.  Reproduced with 
permission from Samual D. Stranks et al [31] and Muzammal uz Zaman et al [32]. 
The overall efficiency was not attractive, standing at just above around 3.8 %.  The cell’s 
performance increased to around 6% when Park’s group spin coated perovskite on top of TiO2 as the 
photon absorbing layer in solid-state DSSC instead of soaking TiO2 in a solution containing perovskite 
material [33].  In just one year, the same research group, in collaboration with Michael Grätzel’s 
research group at EPFL, managed to improve the cell further to nearly 10 % efficiency by replacing 
the liquid electrolyte with a solid-state hole transmitting thin film, Spiro-omeTAD for solid-state dye 
sensitized solar cell [9].  In the same year, Snaith et al. published a breakthrough in PSC efficiency 
and overall performance.  The power conversion efficiency of PSC was officially recorded over 10%, 
which is near the highest efficiency record for DSSC [34].  At the same time, further understanding 




conductive TiO2 with non-conductive Al2O3 and found that Perovskite material can transport holes 
and electrons itself [35, 36]. 
The rapid growth in PSC performance did not stop here.  Until this point, the mesoporous layer was 
necessary for PSC structure with high efficiency.  In 2013, Snaith’s group managed to remove the 
mesoporous layer and fabricated planar PSC with a dual-source thermal evaporator [37].  This 
method helped to boost the PSC efficiency record to over 15 % with pin-holes minimized in the 
structure.  By the end of 2014, researchers from the Korea Research Institute of Chemical 
Technology (KRICT) had obtained PSC performance certification with a record of 20.1 % [38].  This 
record was achieved by blending the most commonly used monovalent cation, Methylammonium 
(MA), with Formamidinium (FA).  Shortly after 1 year, Grätzel’s group along with Greatcell Solar 
(Dyesol as the previous name) announced a new certified record of the power conversion efficiency 
at 21.02 % [39]. 
The race for breakthroughs of perovskite solar cells efficiency records continued.  Research 
published in 2016 stated that the addition of cesium to the MA and FA blend results in a highly 
efficient triple cation perovskite solar cell with much better environmental stability when compared 
with the previously published results [1].  Currently, the best result so far was published by 
collaborative research between the Massachusetts Institute of Technology and Korea Research 




2.2.1 Typical structures of perovskite solar cells in research 
 
Figure 2-5 Different structures of the perovskite solar cell that have been published by researchers: (a) upright planar 
structure, (b) inverted planar structure, (c) mesoscopic upright structure, and (d) inverted mesoscopic structure.  ETL 
refers to the electron transport layer, and HTL is the hole transport layer.  Reproduced with permission from Chris 
Manspeaker et al [40] 
Figure 2-5 shows the different types of structures of perovskite solar cells that have been published 
in the past years.  The best efficiency was usually achieved with the mesoscopic structure that is 
similar to the dye sensitized solar cell structure, containing mesoporous metal oxides as the electron 
transport layer, with conversion efficiency reaching over 23 % [36, 41, 42].  In this approach, the 
actual interface area between perovskite and metal oxide layers is much larger allowing for better 
carrier transport.  Devices with the planar structure are also very popular in perovskite solar cell 




conductive polymers or small molecules materials instead of semiconductors, achieving an overall 
power conversion efficiency of over 20 % [41, 43].  Popular metal oxide for electron transport layer 
include TiO2 [44-46], ZnO [47-50], and SnO2 [42, 51-53].  While iodine-based perovskite material, 
such as MAPbI3, mixed cation, or triple cation perovskite are the main choices for active perovskite 
layer, some of the research have put their effort into lead-free perovskite to minimise the impact on 
the environment [54].  For the hole transport layer, lithium ion doped spiro-omeTAD is commonly 
the first choice in upright structure perovskite solar cells [55-57].  Organic materials such as PCBM 
and PEDOT are commonly the main material used in perovskite solar cells with an inverted structure 
for the electron transport layer and hole transport layer respectively [14, 58-61].  Alternatively, 
metal oxides such as NiOx can also be used as an efficient hole transport layer for perovskite solar 
cells with an inverted structure [62, 63]. 
2.2.2 Mixed cation mixed halide perovskite solar cell 
Perovskite solar cells with mixed monovalent cations showed high performances since 2016, when 
Saliba et al. published the highly efficient triple cation solar cell, with the addition of caesium cation 
in the mixed [1, 41].  Triple cation refers to the addition of another 2 monovalent cations to the 
MA+ in conventional MAPbI3 perovskite.  While the original MAPbI3 has a diffusion length of around 
400 nm depending on the preparation method, the addition of FA+ and bromine in the compound 
could increase the diffusion length to close to several micrometres [64].  Moreover, because of the 
larger molecular size of FA+ when compared with MA+, the size of the crystal structure expands and 
the optical absorbance of the active material broadened with the addition of FA+ [65].  However, 
with the addition of FA+ in the crystal, some of the tetragonal crystal structures originally from 
MAPbI3 collapsed and formed the trigonal phase of the α-FAPbI3 and hexagonal phase of δ-FAPbI3 
crystal structure, as shown in Figure 2-6.  For solar cell applications, α-FAPI3 (black colour material 
with a trigonal crystal structure) is more favourable compared to δ-FAPbI3 (yellow colour material 




wavelengths [66, 67].  However, it is difficult to suppress the formation of δ-FAPbI3 because the 
hexagonal crystal structure is easier to form compared to α-FAPI3 with a trigonal crystal structure at 
a temperature below 120 °C [66]. 
 
Figure 2-6 a) interaction of MA+ cation and FA+ cation with PbI3 crystal.  Pb is in the center of the crystal which is invisible 
from this viewing angle.  MA+ has a stronger interaction with the PbI6 octahedron structure compared with the 
interaction between PbI6 and FA+.  b) When FA+ cation is incorporated in the crystal structure, the overall crystal size 
expands due to the larger molecular size of FA+ compared with MA+ 2 possible crystal structures.  This results in 2 
different crystal phases during the deposition of perovskite film—α-FAPbI3 and δ-FAPbI3 [66]. Reprinted with permission 
from A. Binek, F. C. Hanusch, P. Docampo, and T. Bein, "Stabilization of the Trigonal High-Temperature Phase of 
Formamidinium Lead Iodide," The Journal of Physical Chemistry Letters, vol. 6, pp. 1249-1253, 2015/04/02 2015. 
Copyright 2015 American Chemical Society [66] 
The addition of Cs+ cation to the MAFAPbI3 partially replaced the large FA+ with smaller Cs+ in the 
crystal structure helps suppress the undesired δ-FAPbI3, and strengthens the bonding of the “cation 
cage” surrounding the PbI6 octahedrons.  This results in a more stable device at ambient conditions  
[68].  Since then, more researchers has tried to find an explanation of why mixed cation performs 
better in both PCE and stability [1, 69].  Figure 2-7 shows the crystal structure of triple cation 
perovskite formed with Cs+, FA+, and MA+ in the A site of ABX3 perovskite crystal structure. 
With the success of the triple cation perovskite solar cell, various research adopted the addition of 






Figure 2-7 Crystal structure of triple cation perovskite.  One of the iodine ions is replaced by bromine in the PbI6 
octahedron crystal.  Caesium partially replaced the FA+ in the “cubic cage” formed by MA+ and FA+ cations.  The 
addition of caesium helps suppress the occurrence of the δ-FAPbI3 phase, stabilized the perovskite crystal structure.  
Reprinted with permission from L. Chen, Y.-Y. Tan, Z.-X. Chen, T. Wang, S. Hu, Z.-A. Nan, et al., "Toward Long-Term Stability: 
Single-Crystal Alloys of Cesium-Containing Mixed Cation and Mixed Halide Perovskite," Journal of the American Chemical 
Society, vol. 141, pp. 1665-1671, 2019/01/30 2019. Copyright 2019 American Chemical Society [73]. 
Despite the flying high record in PSC power conversion efficiency, there are some obstacles that 
researchers are yet to overcome.  Stability and hysteresis are the main two issues that affect the 
performance of the perovskite solar cell [74-78]. 
Hysteresis in solar cells was defined by the difference in IV curves that appeared during the IV 
characteristic measurements when the sweeping direction is different [74, 79].  The occurrence of 
hysteresis is still a debatable subject in recent research in PSC [75, 79].  In 2014, Snaith et al. 
published a paper in the Journal of Physical Chemistry Letters, comparing the hysteresis that occurs 
in three different PSC structures: planar, mesoscopic TiO2, and mesoscopic Al2O3 [74].  By varying 
the IV scanning conditions, hysteresis in the planar structure became more obvious when the scan 
rate is reduced.  Moreover, from the data his research group collected, he believed that hysteresis 
is present mainly due to the perovskite layer in the cell.  He then stated three possible hypotheses 




materials; (ii) the ferroelectric properties and slow polarization observed in perovskite materials; 
and (iii) the possibility of excess ions in the film [74].  In recent years, more in-depth research has 
been done on the hysteresis effects and attempts were made on eliminating or minimising the effect 
[80-85]. 
Another major issue that hinders the performance of perovskite solar cells is their stability under 
light and natural environmental conditions.  It is known that moisture and UV radiation are the two 
main factors affecting PSC degradation [31, 48, 78, 86-90].  Figure 2-8 shows the effect of moisture 
on conventional CH3NH3PbI3 (MAPbI3) perovskite crystal structure [76].  It can be explained via 
several chemical equilibrium equations describing the formation and degradation of MAPbI3 [91, 92]. 
 
𝐶𝐻3𝑁𝐻2 +𝐻𝐼 → 𝐶𝐻3𝑁𝐻3𝐼               (2-3) 
𝐶𝐻3𝑁𝐻3𝐼 + 𝑃𝑏𝐼2 → 𝐶𝐻3𝑁𝐻3𝑃𝑏𝐼3             (2-4) 
 
Equation 2-3 denotes the formation of MAI from methylamine and hydrogen iodide.  Equation 2-4 
describes the formation of perovskite from MAI and PbI2, forming octahedron PbI6 surrounding MA+, 
resulting in the cubic structure shown in Figure 2-4. 
 
𝐶𝐻3𝑁𝐻3𝑃𝑏𝐼3 + 𝐻2𝑂 → 𝐶𝐻3𝑁𝐻3𝑃𝑏𝐼3 ∙ 𝐻2𝑂         (2-5) 
4(𝐶𝐻3𝑁𝐻3𝑃𝑏𝐼3) + 2𝐻2𝑂 → (𝐶𝐻3𝑁𝐻3)4𝑃𝑏𝐼6 ∙ 2𝐻2𝑂 + 3𝑃𝑏𝐼2      (2-6) 
(𝐶𝐻3𝑁𝐻3)4𝑃𝑏𝐼6 ∙ 2𝐻2𝑂
𝐻2𝑂
→  4𝐶𝐻3𝑁𝐻3𝐼 + 𝑃𝑏𝐼2 + 2𝐻2𝑂       (2-7) 
When the material is exposed to moisture, the moisture distorted the alignment of the perovskite 
structure, forming a perovskite monohydrate, as described in equation 2-5.  The perovskite 
monohydrate changes to perovskite dihydrate when the material is further exposed to moisture.  
At the same time, PbI2 is also produced, as shown in equations 2-6.  This can be further degraded 





Figure 2-8 Change in Perovskite crystal structure after moisture exposure [76, 92].  The leftmost image represents an 
as-deposited perovskite crystal with octahedron PbI6 crystals surrounding the cation MA+.  The PbI6 crystals are 
connected via the shared Iodine ion and aligned with the interaction with MA+ cations.   When the perovskite is 
exposed to moisture, the introduction of H2O in the crystal lattice separated the connection between PbI6 crystals, 
transforming the material to perovskite monohydrate, as the image in the center.   When the material is further 
exposed with H2O, the perovskite monohydrate transitioned to perovskite dihydrate with PbI2 formed at the same time.  
The perovskite dihydrate can then decomposes into MAI and PbI2, as mentioned in equation 1-5.  Reprinted (adapted) 
with permission from A. M. A. Leguy, Y. Hu, M. Campoy-Quiles, M. I. Alonso, O. J. Weber, P. Azarhoosh, et al., "Reversible 
Hydration of CH3NH3PbI3 in Films, Single Crystals, and Solar Cells," Chemistry of Materials, vol. 27, pp. 3397-3407, 
2015/05/12 2015. Copyright 2015 American Chemical Society [92]. 
In 2015, researchers led by Prof. Yang Yang at UCLA announced improved stability when the n-type 
oxide and p-type hole transmitting material was replaced by Nickel Oxide and ZnO [48].  After the 
publication of triple cation perovskite solar cells in 2016 highly efficient nonencapsulated device 
stability was also improved in 2017.  The PSC was tested for over 1000 hours at maximum power 
output and under 1 sun illumination where 95% of the initial 20% PCE efficiency was retained [93].  
In the same year, Grancini et al. published stable 2D/3D perovskite solar cells with a one-year 
stability record, but with lower initial efficiency of approximately 12 % [94].  Furthermore, the 
encapsulated perovskite solar cells were also tested for over 180 days and retaining 100% of the 
initial PCE efficiency of over 20% [95].  Despite this, PSC stability still has a long road to go to achieve 
similar stability as conventional silicon based solar cells which have over 20 years of stability. 
2.2.3 Current challenges on perovskite solar cells 
Apart from improving the overall PSC performance and investigating or minimising the known issues 




This could be separated into several categories.  Among these, the simulation of optimum PSC 
performance [5, 96], fabricating PSC on flexible substrates [87, 90, 97-99], the pinholes occurrence 
with solution processing [48, 99-104], and the charge separations in PSC [35, 78, 105].  There are 
also published papers on utilizing plasmonic nanoparticles on PSC to enhance PSC’s optical 
absorption [19, 106].  Because PSC can be flexible and transparent, another popular research area 
involves fabricating tandem solar cells with PSC and other types of solar cells such as silicon solar 
cells[107, 108], to improve the overall power conversion efficiency of the cell. 
The applications of perovskite material in various areas are also another popular topic in perovskite-
related research.  While bandgap tuning is one of the mainstream in perovskite LEDs [31, 109], 
there are similar attempts in the perovskite solar cell research [13, 21, 110].  Apart from modifying 
perovskite composites as one of the mainstreams in tuning the bandgap of perovskite solar cells, 
there are other attempts to achieve the required changes in absorbing wavelengths [18, 20, 111].  
Furthermore, the utilisation of micro/nanostructures on perovskite solar cells have started to get 
some attention as well.  The application of micro/nanostructures helps improve the percentage of 
the incident light reaching the active perovskite layer for the efficient light conversion process.  This 
helps improve the device’s overall conversion efficiency [112, 113]. 
2.3 Micro/nanostructures for solar cell light trapping 
Light trapping structures have been widely used in minimising the incident light reflection in most 
solar cell technologies [114, 115].  This effectively increases the number of photon generated 
carriers and improves the overall performance of the solar cells.  While most of the research 
regarding the use of nanostructures for light trapping is related to conventional crystalline solar cells, 
adding nanostructures is also effective for thin film-based solar cells for light-harvesting 
improvement [116].  Depending on the solar cell type and the structures used, the overall 
photocurrent generation could improve up to 20 % when compared with the device without light 




efficiency improvement with submicron inverted cones with PSC on a flat substrate has been 
reported back in 2016 [118].  However, most of the research regarding nanostructure incorporation 
on PSC are simulation based only [17, 112, 113], with very few published research include the actual 
fabricated results [119-121]. 
Depending on the material and structure used, different fabrication methods for applying 
nanostructures on solar cells.  For conventional silicon solar cells, is using chemical etching to form 
random upright pyramids on the front surface of the solar cells [122].  While chemical etching is 
fast and low cost for module size solar cells, the requirement for a large amount of acid or base 
possesses a huge impact on the environment.  The alternative way is to fabricate the textured 
structures using dry etching with reactive gases.  Popular methods including reactive ion etching 
(RIE) or inductively coupled plasma etching (ICP).  Detailed descriptions regarding these techniques 
will be given in chapter 3.  Since all dry etchings are a combination of physical bombardment and 
chemical reaction, it is difficult to fabricate pyramidal-shaped nanostructure on the device with only 
dry etchings.  Therefore a combination of wet and dry etching was proposed to form uniform 
pyramid-like features and other various types of nanostructures have been investigated [115, 122, 
123]. 
For thin film based solar cells such as perovskite solar cell, dye sensitized solar cell, and organic solar 
cell, it is difficult to incorporate the nanostructure on the transparent substrate with dry/wet etching 
since the devices have very little chemical and plasma resistance.  Therefore, techniques based on 
pattern replication with a mould or stamp such as nanoimprinting or nano-embossing are popular 
for solar cell surface texturing applications [119, 124]. 
Also, to enhance the light trapping effect in thin film solar cells, the incorporation of plasmonic 
materials such as nanoparticles in conjunction with surface textured nanostructures have started 




2.3.1 Nanoclusters/nanoparticles on light trapping nanostructures 
The incorporation of plasmonic nanoparticles for solar cell applications has been very popular in 
recent years.  There are reports where the addition of nanoparticles on light trapping features for 
solar cell application improved the absorption of lights for photon-electron conversion, resulting in 
an increase in device photocurrent under illumination [125, 127].  Moreover, there is an increase 
in demand for colourful rooftop solar cells, for both functional and aesthetic purposes.  The 
addition of metal nanoparticles/nanoclusters with different sizes has the potential to modify the 
solar cell colour while maintaining the power efficiency of the device [128].  While most of the 
studies are based on the incorporation of nanoparticles, research in nanoclusters is gaining more 
attention in recent years due to the possibility of adjusting cluster size and distance between atoms 
for different optical light absorbance wavelengths [129, 130].   
2.4 Photovoltaic device characterizations 
 




After fabricating a solar cell device, it is important to test its performance and understand the 
device’s operation mechanisms [131, 132].  To understand how each layer affects the overall 
performance of the device, including the optical and electrical characteristics, each of the thin films 
in the solar cell needs to be characterized and compared with published works.  There are several 
methods in characterizing the solar cell devices and the thin films incorporated in the device, as 
shown in Figure 2-9.  The Solar simulation and current Voltage IV characterization look at the 
device’s performance under white light that has similar spectral irradiance and light intensity when 
compared with the typical natural sunlight.  The spectral response looks at how much of the 
incident photons from the light source power have been converted into electrons and electrical 
power.  For thin film surface morphology analysis, scanning electron microscopy and atomic force 
microscopy are the commonly used techniques.  X-ray diffraction looks at the crystal structure of 
the thin film.  Photoluminescence and UV-Vis spectroscopy look at the optical characteristics of the 





2.4.1 Solar simulation 
 
Figure 2-10 Top: schematic of the ABET solar simulator. The light from the light source was collected and concentrated 
via the eclipse collector, then passed through the AM 1.5 G filter and reflected by the mirror to reach the sample stage.  
Bottom: the setup of ABET AAA 3000 solar simulator for artificial sunlight, Keithley source meter for IV sweeping, and IV 
software by at the nanofabrication laboratory, University of Canterbury.  The sample stage was maintained at room 
temperature via placing a commercially available ice gel pack underneath the metal sample stage. 
The solar simulation is used to mimic the natural sunlight conditions when a solar cell is operating.  
A white light that’s calibrated to have a similar spectral response to sunlight is used as the light 




simulator with AM 1.5 G calibration and AAA classification.  AM 1.5 G (Air mass 1.5 Global) is the 
yearly average atmosphere thickness at mid-latitude on earth, where most of the countries are 
located.  The AAA classification refers to the factor of a spectral mismatch at visible wavelengths 
within 0.75-1.25, the non-uniformity of irradiance at the over 100 mm diameter sample stage 
smaller than 2 %, and the long term irradiance instability smaller than 2%.  To ensure the 
consistency of light intensity, the solar simulator is calibrated with a shunted reference cell, to ensure 
the intensity of the light is maintained at 100 W/cm2. 
The light exposed device is concurrently connected to a Keithley 2400 source meter which measures 
the device current when different bias voltages are applied to the device.  The data is then sent to 
the computer for IV plot and analysis to obtain essential information such as series and shunt 
resistances, fill factor, and efficiency that is key to the device performance.  The Labview based 
software, IV_2015, used for IV plot and analysis was developed by Michael Kelzenberg, an alumnus 
from the California Institute of Technology [133]. 
For conventional silicon solar cells, a single voltage sweep from -1 to 1 V is sufficient to obtain devices’ 
IV characteristics under illumination as shown in Figure 2-1 in section 2.1.1.  For perovskite solar 
cell, due to the hysteresis characteristics of the device mentioned in section 2.2.2, a forward 
sweeping from negative bias to positive bias and a reverse sweeping from positive bias to negative 
bias shown in Figure 2-11 is needed to obtain a more accurate IV characteristic. 
 
Figure 2-11 IV characteristics measurement for perovskite solar cell, showing the difference in forward and reverse 




2.4.2 Photoluminescence Spectrometry 
Photoluminescence Spectroscopy is an essential non-destructive method in understanding the 
photon-electron characteristics of photosensitive materials.  In general, when the material is 
excited by the incident photons, radiation energy is emitted from the sample which can be used to 
extract data regarding defects and impurities in the material.  The emitted radiation energy, passing 
through several focusing filters, is collected by a detector to measure the number of photons being 
emitted by the sample. 
Figure 2-12 is a typical set up of PL spectroscopy.  When the sample material is excited by a light 
source, which is usually a laser or white light depending on the required excitation energy, photons 
are generated from the sample and travel through a set of focus lenses and filters before arriving at 
the detector.  The detector measures the intensity of the photons generated, in photon counts, at 
different photons energy levels.  This could then be processed to obtain plots of photons generated 
from the sample versus photons wavelengths. 
For this research, a continuous laser with 1 mW intensity and 405 nm wavelength was used as the 
light source, and a silicon based charge-coupled detector was used for detecting the photons 
generated from the samples.  The OceanView software from Ocean Optics was used to record the 
data.  Various neutral density filters with different optical densities were also used to reduce the 
intensity of the laser down further, preventing the degradation of perovskite film with laser 
overexposure during measurements.  Two collimating lenses were used to collect the photons 
excited from the sample and focus the photons to the detector.  The environmental noise, which 
was the signal received by the detector in the dark without the incident laser, was first removed 
from the measurement, to ensure the signal obtained is solely from the sample.  A long-pass filter 







Figure 2-12 Image of the photoluminescence spectroscopy set up and a top view schematic of each component.  The 





2.4.3 Spectral Response 
 
Figure 2-13 Spectral response set up using a UV-Vis spectrometer as a light source with different wavelength for the 
device, and a source meter for measuring current at 0V when the device is exposed to the light. 
Spectral response is used to measure the spectral sensitivity of the device to the light at different 
wavelengths.  This could also provide vital information regarding the percentage of incident light 
being converted to electricity at different wavelengths.  Instead of purchasing sophisticated 
equipment specifically measuring device spectral response, this could be achieved by using a UV-Vis 
spectrometer to expose light at different wavelengths to a sample connected with a source meter 
for measuring the short circuit current output of the device as a function of the light wavelengths.  
A customized set up for spectral response measurement for this research is shown in Figure 2-13. 
A reference sample, a heterojunction with intrinsic layer thin layer (HIT) solar cell obtained from 
Taiwan Semiconductor Research Institute in Taiwan, was used to calibrate the light source.  The 
measured data for the reference cell was recorded in external quantum efficiency (EQE, %) versus 





Figure 2-14 Plot of EQE versus wavelength of the reference cell.  The EQE value is then converted to Spectral response 
values for quantifying the power output of the incident light at each wavelength. 
Therefore, it is required to convert the data into spectral response versus wavelength.  The 










Where λ is the wavelength of the visible light; q is the charge of the electron, which is a constant of 
1.602176634 × 10-19 in coulombs; h is the Planck's constant of 6.6310-34 J.S; c is the speed of light 
with 3109 meters per second. 
The converted SR is then used to quantify the power output of the spectrometry with equation 2-9. 




The spectral responsivity SR of the perovskite sample, in Amp/Watt, can be obtained by equation 2-
10, 
where Plight source,λ refers to the incident light irradiation at the particular wavelength and ∆𝑱𝝀 is the 
difference of device short circuit current with or without light exposure at that wavelength. 
The device’s short circuit current density, 𝑱𝑺𝑪, can then be estimated with the spectral response 










where 𝑺(𝝀)  is the spectral response obtained from measurement, and 𝑷𝟎(𝝀)  is the AM 1.5 
irradiance reference spectrum obtained from National Renewable Energy Laboratory [135].  
2.5 Conclusions 
Perovskite solar cell is a new type of solar cell that has many application potentials.  Although there 
are still challenges in the stability of the material, since the fabrication process is mainly solution 
processed, the device can be fabricated in various ways and utilize in different applications.  The 
measurement method for determining the device characteristics according to international 
standards is vital for accurate characterizations, this chapter also provided the characterization 



















3. Nanofabrication and Characterization Techniques 
for Solar Cells 
 
Figure 3-1 General fabrication flow chart of a perovskite solar cell 
The fabrication of the solar cell involves many different fabrication technologies [136].  For this 
research, various fabrication processes that are commonly used in photovoltaic and semiconductor 
devices have been used for fabricating the thin film based perovskite solar cell.  A simplified 
fabrication flow chart of perovskite solar cells is shown in Figure 3-1.  This section provides a brief 
description and explanation of the techniques used.  This includes different types of lithography 
followed in defining the active area and electrode patterns of solar cells to ensure the device is 
fabricated as designed.  The completed device needs to be tested to determine the performance 
of the device under sunlight conditions.  This is also to verify if the hypothesized device operation 
theory works as expected.  Moreover, the structure of the solar cell for this research is a thin film 
based solar cell structure, with a stack of thin films composed of different materials.  Therefore, it 
is necessary to optimize each layer to achieve the highest possible efficiency.  To achieve this, the 
thin films were characterized electrically, optically, and structurally with different thin film 




3.1 Lithography for pattern transfer 
Lithography is a key technique for all electronic devices and it is used in the photovoltaic fabrication 
process. The active area for which a solar cell is used for photon-electron conversion is usually 
defined with a predesigned pattern using different lithography techniques depending on pattern size, 
materials thicknesses, and ease of scaling up.  In this section, different lithography techniques that 
have been used in fabricating perovskite solar cells and related features were described and 
explained. 
3.1.1 Photolithography with Mask Aligner 
Photolithography, or optical lithography [137], is probably the most common method used in 
defining the active area and metal contact positions for photovoltaic devices. A photosensitive 
polymer based material is exposed to UV light through a mask that contains the pattern of interest, 
as shown in Figure 3-2.  The predesigned features were defined on a “mask”, then transferred onto 
the substrate via the mask aligner.  The mask aligner, Karl Suss MA-6, is used to align the position 
of the predesigned pattern to the desired position on the substrate.  The substrate was covered 
with approximately 1.8 μm of positive photoresist AZ 1518, for direct transfer of the pattern from 
the mask on the substrate.  The photoresist onto the substrate is then exposed to 365 nm UV light, 
through the mask for approximately 8 seconds, with 5 mW/cm2 irradiation intensity.  Similar to the 
conventional photography operation theory, the exposed substrate coated with a positive type 





Figure 3-2 Schematic of the Photolithography process. The substrate with photoresist deposited on top is aligned with 
the predesigned mask with a mask aligner.  The aligned mask and substrate are then exposed with UV light to crosslink 
the photoresist.  For positive photoresist, the area that was not covered by the mask can be rinsed off with the 
developer, whereas when the negative resist cross-linked into solid form when exposed to UV light. 
3.1.2 Laser Interference Lithography (LIL) 
Laser interference lithography (LIL) can be utilized to produce periodic patterns with scalable 
potential at a cheaper cost [138, 139].  As opposed to conventional lithography, the predesigned 
mask is not required for interference lithography to pattern periodic lines or dots in nanometer sizes.    
Since LIL is a maskless technique, there is no need for the expensive Mask Aligner for mask and 
substrate alignment.  This is particularly useful in patterning periodic holes or gratings on solar cells 
for light trapping features.  The simplified setup is shown in Figure 3-3.  A class 2B, 325 nm laser 
with 20 mW intensity is used as a light exposure source for making periodic patterns on the substrate.  
A mirror directly perpendicular to the substrate holder is used to reflect the incoming laser onto the 
substrate so that the reflected beam from the mirror and the incident beam from the laser to the 
sample could form an interference pattern.  This forms regions of high and low light intensity 




determines the period and separation of each line.  Patterning dots can be achieved by double 
expose the sample with the sample rotate with a certain angle for second exposure (usually 90).  
The spatial filter is used to produce a clean Gaussian beam without undesired fringes.  Moreover, 
the laser beam diameter could be expanded, via the spatial filter, to cover larger areas.  The current 
limit for the system at Nanofabrication laboratory, University of Canterbury, however, is that the 
maximum exposure area with interference lithography is around 1.2 cm  1.2 cm.  Increasing the 
distance between the substrate and the spatial filter could potentially increase the exposure area, 
but the intensity of the laser reaching the sample would be reduced at the same time, resulting in a 
longer exposure time for each sample.  The laser intensity reaching the sample with the current 
set up is approximately 170 μW to 180 μW.  This is the technique used to form the nanopyramids 
in this research, which will be covered in Chapter 5. 
 
Figure 3-3 Top: The schematic of a simplified setup of interference lithography.  Bottom: the LIL set up at the University 
of Canterbury.  The laser was reflected by 3 optic mirrors to fine tuning the direction of the laser beam.  The laser is 
then passed through the special filter and the pinhole to expand the laser’s exposure area and produce a clean Gaussian 
profile of the laser beam to the sample with spatial noise removed.  Part of the laser beam did not expose to the sample 
directly, instead, a mirror was used to reflect the partial laser beam onto the sample.  The portion of the laser that 




3.1.3 Nanoimprint Lithography 
 
Figure 3-4  Nanoimprinting process flow.  The nanoimprinting mould with inverted periodic nanopyramids was 
patterned with interference lithography and fabricated with dry and wet etchings.  A UV curable resist was first 
dispensed on the substrate then aligned and pressed on the nanoimprinting mould with the required force.  The 
sample is then exposed to UV light to crosslink and cure the resist.  Once the resist is cured, the substrate is then 
demoulded from the nanoimprinting mould.  The demoulding process can be done automatically or manually 
depending on the available equipment.  At the nanofabrication laboratory at the University of Canterbury, the sample 
and nanoimprinting mould are aligned and press down by the Suss MA6 mask aligner, where the demoulding process is 
done manually. 
Nanoimprint lithography is a useful technique in replicating large areas of 3D structures without 
losing detailed features in nanometers size.  For this research, it was used to fabricate the upright 
nanopyramids for light trapping features which were predefined using interference lithography [140, 
141].  The overall process is shown in Figure 3-4.  The sample is overlapped on the imprint mould 
with a UV curable resist in the middle.  The overlapped substrate-mould pair is usually clamped 
down with a constant force during UV light exposure to ensure the equal flow of the resist across 
the whole area.  The UV curable resist would solidify during UV exposure.  Once the resist is cured, 
the substrate is demoulded from the imprint mould.  The replication of 3D structures is greatly 
affected by the physical characteristics of the resist such as the resist viscosity, and the feature profile 




3.2 Thin film deposition 
Thin film deposition techniques were used for depositing different types of thin films, such as metals, 
semiconductors, or insulating materials in nanofabrication processes.  Different techniques would 
result in different thin film characteristics, uniformity, and will affect the performance of the 
fabricated device.  Below is a brief description of the various techniques used in the perovskite 
solar cell fabrications. 
3.2.1 Spin coating 
 
Figure 3-5 Set up of spin coating materials with sample fixed on sample holder by vacuum illustrating the sample holder 
(pedestal) 
Spin coating is one of the simplest and cost-effective methods in thin film deposition.  For 3rd 
generation solar cells, spin coating is one of the popular ways to fabricate multilayer thin films. [33, 
100, 103, 142, 143]  This technique is simple to use and low in setup costs.  This is done by 
spinning the sample with a precursor solution at an angular speed ω, as shown in Figure 3-5.  The 
centrifugal force that occurred from spinning the sample pushes the precursor material away from 
the center resulting in a uniform thin film of precursor on top of the substrate.  Several factors 
determine the thickness and uniformity of the film deposited.  This includes the viscosity of the 




coating process.  Depositing the precursor material before or after the spinning starts (static or 
dynamic spin coating respectively) also affects the result.  Dynamic spin coating is a more 
controlled process with less material required to achieve the target thin film thickness, but with a 
risk of not getting complete coverage on the substrate.  Therefore it is more suitable for high spin 
speed processes or low viscosity materials.  Static spin coating, on the other hand, is a better way 
for viscous materials such as photoresists and low spin speed process due to stronger centrifugal 
force at the start of the spinning. Spin coating is the main method used for research for coating most 
of the layers for the perovskite solar cell in Chapters 4 to 6.  This includes the mesoporous TiO2 
layer, active perovskite MAPbI3 or CsMAFAPbIBr perovskite layer, and the spiro-omeTAD hole 
transport layer. 
3.2.2 DC Magnetron Sputtering for metal oxides 
DC magnetron sputtering is a widely used technique in depositing various dense thin films with high 
purity, especially metallic materials, under low pressure, at around 10-3 mbar, instead of requiring 
much lower pressure (around 10-6 mbar) for thermal or electron beam evaporation [144, 145].  It 
can deposit thinner and higher quality thin films, eliminating the possibility of pinholes on the film 
when compared with thin films deposited with spin coating or dip coating methods.  This is 
essential for thin film based solar cells since the pinholes result in a higher electron-hole 
recombination rate or route for short circuit.   A high electric field is generated by the sputtering 
system power source to ionize the processing gas, which usually high atomic weight gas such as 
Argon.  The energized argon ions bombard the sputtering target ejecting target atoms and 
deposited onto the substrate.  In our system, Magnetron Sputtering, there are magnets 





Figure 3-6 Right: Edwards Auto 500 system with 2 different sputtering depositions and electron beam evaporation.  Left: 
an illustration of the target/substrate arrangement.  The target is connected to the RF/DC power source, the substrate 
is placed on the sample holder held at ground potential.  The RF/DC power excited Argon ions are used for bombarding 
the target molecules from the target.  The energy from Argon ions is transferred to the target molecules, allowing them 
to travel upward toward the substrate.  When the molecules reached the substrate, it is slightly cooled and 
accumulated on the substrate. 
This magnetic field is used to confine the Argon ions within the target area increasing the ionization 
efficiency, inducing high density ions, and increasing the sputtering yield.  The ability to deposit 
thin films under low pressure results in higher purity of the sputtered material deposited onto the 
substrate with fewer contaminations from the atmosphere.  For the deposition of metal oxide films 
for perovskite solar cell applications such as TiO2, additional energized oxygen ions are required to 
react with the Titanium atoms, forming metal oxide particles before resting on the substrate.  The 
amount of oxygen used during this process is dependent on the stoichiometry of the material.  
Sputtering of transparent TiO2 with anatase phase, for example, requires a high flow rate of oxygen 




sources in addition to the Electron Beam Evaporation source. 
3.2.3 Electron Beam Evaporation 
 
Figure 3-7  An illustration of the Electron beam evaporation mechanism. The substrate is held on the sample holder 
(top), the crucible containing the material to be evaporated (bottom) is exposed to the high energy electron beam. 
The electron beam evaporation is the only metal deposition technique employed in this research, to 
deposit the contact metal without causing damages to the already deposited polymer films on the 
substrates [146, 147].  This is essential for perovskite solar cells deposition since some of the layers 
in the perovskite solar cells are polymer based and don’t withstand high temperature processing.  
The E-Beam Evaporation set up is part of the Edward Auto 500 sputterer system described in Section 
3.2.2.  It uses an electron gun shooting high energy electrons directed towards the material inside 
the crucible at the cathode via magnetic fields, as shown in Figure 3-7.  The bombarded material 




Electron beam evaporation could effectively evaporate high melting point materials such as SiO2, 
and Al2O3 at high vacuum, since the electron beam can produce much higher power density 
compared to conventional resistive evaporation deposition (thermal evaporation). 
3.3 Material etching 
While the lithography is for defining the patterns, etching is a subtractive pattern transfer method 
used to remove unwanted materials and form the final structures with the required profile and 
dimensions.  This is a relatively delicate technique, especially when a pattern needs to be 
transferred through several layers, or if different patterns are required for each thin film layers in a 
device like thin film solar cells.  In general, materials etching can be separated into wet or dry 
etching [148].  Wet etching is simple to set up and has very high selectivity between materials 
compared with dry etching.  However, the etchants used for wet etchings do get degraded, so 
frequent change in etchant is required for larger numbers of samples.  Although dry etching could 
eliminate the problems encountered with wet etching, it requires expensive equipment, such as 
reactive ion etching or inductively coupled plasma etching to perform the etching process.  This 




3.3.1 Wet etching 
 
Figure 3-8 Anisotropic and Isotropic wet etchings.  The arrows refer to the etch rate at vertical and lateral directions.  
Isotropic etching has an equal etch rate at both lateral and vertical etching directions.  Anisotropic has a higher vertical 
etch rate compared to etching in the lateral direction.  The anisotropic lateral etching is strongly dependent on the 
orientation of crystal growth. 
Wet etching is one of the most commonly used methods in semiconductor device fabrication.  It 
essentially relies on the chemical reaction between the substrate surface and the etchant to remove 
the targeted material from the substrate.  It is easy to set up, with just glass or plastic beakers and 
does not require advanced equipment to carry out the etching process.  However, due to the 
toxicity of the acids or alkali used and the toxic gas produced during the process, it is necessary to 
work under a well-ventilated fume hood with required personal protective equipment such as gloves, 
safety glasses, and acid/alkali resistant gloves. Wet etching could also be separated into anisotropic 
or isotropic etching, as shown in Figure 3-8.  Isotropic etching and bigger undercuts of the substrate 
below the masking material Etching a silicon substrate with <1 0 0> orientation, for example, results 
in 54.74 ° angled sidewalls.  For this research, anisotropic etching was used to fabricate the inverted 
pyramids into the silicon substrate as a master mold for nanoimprinting.  The detailed fabrication 




3.3.2 Inductively coupled plasma etching (ICP) 
Dry etching is the process of using gases to perform the material removal process. It is a combination 
of the chemical reaction to form volatile radicals and the physical bombardment to knock atoms off 
the target.   The resultant etching can have very steep sidewall profiles with no undercut problems 
that are usually found in wet etching. 
ICP is a relatively new dry etching technique used to etch substrates or thin films without the use of 
hazardous acids or solvents.  In comparison with the conventional reactive ion etching (RIE), ICP 
can etch materials deeper, with high aspect ratios in much shorter times even when the feature sizes 
are in the nanometer scale.  The energized ions from the reactive gas, such as SF6 for silicon etching, 
reacts with the surface of the substrate and form volatile gas molecules (SiF4 for example, produced 
from the reaction between silicon and SF6) with the substrate atoms.  These molecules are then 
get removed from the chamber via vacuum pumps. 
Figure 3-9 shows the schematic of the Oxford PlasmaPro 100 Cobra ICP chamber with an illustration 
of the main components shown on the left.  It is a cylindrical chamber with copper coils externally 
wrapped around the chamber wall.  The wafer stage is temperature controlled by an externally 
connected fluid re-circulating chiller.  Helium gas backing can also be used for better temperature 
control.  The RF power, which can be as large as 1500W, applied to the coils creates an electric field 
in the upper half of the chamber to generate and control the high density ionic plasma (ion density 
> 1011 cm3).  A much smaller RF power (< 200 W) is applied to the substrate holder to control the 
energy of the ions approaching the sample.  This enables a high etching rate while maintaining the 
chamber at relatively low chamber pressure.  Moreover, higher selectivity for etching the substrate 
while the damage to the masking layer is minimized can be achieved, since the high energy ions 
result in better anisotropy when compared with the conventional reactive ion etching [149].   
Depending on the process gas used during etching, different masking materials are required for 




photoresists is enough to act as the masking layer with good selectivity for wet etching, the mask 
selection for plasma deep etching need to be more robust to the highly energized ions and has 
minimal reaction to the reactive gas.  Therefore, metal masks such as Aluminum, and Chromium 
are commonly used for dry etchings. 
 
Figure 3-9 Image of Oxford 100 Cobra ICP (left) and a schematic of the inside of the ICP chamber (right).  The 
temperature of the substrate holder is controlled by the chiller with fluid re-circulation.  The copper coil wrapped 
around the chamber produced an electric field in the chamber by applying high RF power (usually 1000 W or above), 




3.4 Thin film characterizations 
3.4.1 Atomic Force Microscopy 
 
Figure 3-10 Top: The schematic of AFM set up.  The sharp tip attached cantilever was controlled by a piezoelectric 
motor which oscillates the cantilever at its resonance frequency (270 kHz to 330 kHz for silicon tip from Budget Sensor 
Tap-300G) to tap the surface of the thin film at few nanometers above the thin film surface, using the atomic force 
between the atom at the cantilever tip and the atom at the material surface to detect the thin film surface features.  
The cantilever tip is deflected at different heights while scanning the features of the sample surface.  The difference in 
cantilever deflection magnitude is detected by the photodetector, which converts the difference in angle and position 
of the reflected laser light from the cantilever into signals that could be sent through a feedback loop to the electronic 
controller and recorded as the change in Z directions.  The information is then sent to the XYZ scanner which fine tunes 
the position of the tip above the surface so that the amplitude of tip deflection does not exceed the limit.   Bottom: 





Atomic force microscopy (AFM) is a high-resolution method for imaging thin film’s surface 
morphology without charging problems.  This method can obtain information regarding surface 
roughness, pattern dimensions down to nanometer scale, grain size, and thin film thickness.  
Obtaining this information helps understand the interfaces between the different thin film layers 
that form the perovskite solar cells.  Digital Instruments (DI) 3100 Nanoscope III AFM from Veeco 
Instruments Inc. in tapping mode was used for this research and the simplified operation mechanism 
is shown in Figure 3-10.  AFM in tapping mode refers to the measurement of the sample by 
“tapping” the surface of the sample with the sharp tip attached cantilever. 
A cantilever with a less than 10 nm diameter sharp tip attached at the end was oscillated by the 
piezoelectric motor at the cantilever’s resonance frequency.  The cantilever was allowed to move 
in X and Y directions, at a few nm above the sample surface.  The unevenness of the surface of the 
thin film causing a change in the force between the atoms at the tip and the sample surface.  To 
maintain a constant force between the tip and the surface, the cantilever is deflected from the 
sample surface.  The magnitude of the deflection causes the laser focusing on the back of the 
cantilever to be reflected at different angles.  The photodetector detects the reflection of the laser 
beam and converts it to electrical signals that feed through the feedback loop to the electronic 
controller and recorded as the change in the Z direction at the particular X-Y position.  The recorded 
data sets containing the position of the tip at X, Y, and Z direction could then be converted to a 3D 
image of the sample.  While AFM can measure surface morphology at resolution in less than 10 
nm, it does come into contact with the measured thin film.  Therefore, if the thin film measured is 
not robust enough, the probe of the AFM can easily scratch the surface and result in incorrect 




3.4.2 Scanning Electron Microscopy 
 
Figure 3-11 Left: Raith 150 for electron beam lithography at the University of Canterbury.  SEM is an add-on feature in 
Raith 150.  Right: Simple operation schematic of the SEM system.  The cathode of the electron gun produces a cloud 
of electrons which are collected by the positively charged anode to form the electron beam.  Several magnetic lenses 
were used to control the diameter of the electron beam and directs the electron beam towards the sample stage.  The 
scanning coil, or deflector coil, is used to deflect the beam from side to side to scan the desired area.  Two secondary 
detectors (inLens and lower SE, inLens is more commonly used) are used to collect the secondary electrons from the 
substrate and convert it to signals that then convert to the image with the software. 
Scanning Electron Microscopy (SEM) is another method of acquiring thin film surface morphology 
down to nanometer scales.  Moreover, it is a contactless imaging method, so there is much less risk 
in scratching the sample when compared with AFM.  The SEM used in this research is an add-on 
feature from the Raith’s Electron Beam Lithography (Raith 150) for patterning substrates with 




and the brief operation principle of the equipment.  An electron gun fires high energy electrons, 
which was collected by the anode metal plate and gets focused on the substrate by the magnetic 
lenses.  The scanning coil deflects the electrons in the X and Y direction to scan the surface in a 2-
dimensional motion.  When the beam of electrons scans the sample surface, different types of 
electrons were generated from the sample surface.  This includes backscatter electrons, secondary 
electrons, and different types of x-rays that are generated and deflected from the substrate.  An 
inLens secondary detector and a lower secondary electron detector were used to collect the 
secondary electrons that were generated from the substrate during electron beam scanning.  The 
collected secondary electrons were then converted to digital signals, which is the main information 
source of the acquired image.  A thin layer of metal (approximately 2 nm is usually enough) is 
usually required for non-conductive materials due to the charging effect of the electrons on the 
surface of the material. 
3.4.3 UV-Vis Spectrometry 
 
Figure 3-12  Illustration of the optical setup of Cary 6000i UV-Vis spectrometer.  The white light/UV light passes 
through the slit and monochromator to allow light with a single wavelength to reach the sample. 
Cary 6000i UV-Vis spectrometer from Agilent is the essential tool in studying the optical 
characteristics of the photon sensitive active layers of the perovskite solar cells.  This includes 
measuring the transparency of the transparent conductive oxide electrode.  High transparency is 
required to ensure most of the incident light passes through the electrode for efficient photon-




applications, this is looking at the light absorbance at the visible light wavelengths corresponding to 
the sunlight irradiance.  As shown in Figure 3-12, a beam of broadband light was passed through 
the slit and monochromator to allow the exposure of monochromatic light on the sample.  A 
reference sample was used to compare with the testing sample to compensate for the light 
absorbance of the substrate and normalize the results. 
The intensity of the light that went through the sample was collected by the detector held behind 
the sample and compared with the intensity of the incident light.  The result was sent to the 
computer and converted into absorbance, with the ratio between the incident light and the light 
collected by the detector following Beer’s Law: 




where A refers to the absorbance of the material, I0 refers to the incident light intensity and I refers 
to the intensity of the transmitted light reaching the detectors.  This could also be used to 




× 100 (3-2) 
 100(%) = %𝑇 +%𝑅 +%𝐴 (3-3) 
3.4.4 X-Ray Diffraction Crystallography (XRD) 
XRD is one of the common tools in material analysis to study the crystal structure of the material.  
In particular, glancing/grazing angle XRD is the main method used for thin film analysis.  When the 
incident x-ray beam reaches the surface of the thin film material at a small incidence angle (usually 
around 1 °), it would be scattered by the thin film atoms.  The low incidence angle ensures the 
incident laser only reaches the topmost thin film layer, without picking up signals from the substrate.  
A diffraction effect occurs when two or more scattered x-ray beams with some phase differences are 
superimposed onto each other.  The intensities of the scattered signals are then collected by the 




phase angle.  Different materials with different crystal structures have a unique diffraction pattern.  
Figure 3-13 shows the XRD equipment used for analyzing the crystal phase of TiO2. 
 




3.5 Humidity controlled glovebox 
 
Figure 3-14 Top left: the schematic of the glovebox cover, showing the positions of glove ports and sample transfer 
chamber.  Top right: the completed glovebox with a polypropylene base.  The gaps between the glove box cover and 
the base were sealed with rubber to minimize air leakage into the box.  Bottom: The setup of spin coater and hotplates 
in the glove box. 
The fabrication of perovskite materials for solar cells is strongly dependent on environmental 
conditions such as humidity, oxygen level, and temperature [150].  There are various literature 
stated that the perovskite thin film quality, such as the grain size and structure, number of pinholes, 
and the smoothness of the film surface is greatly influenced by the moisture and temperature during 
the synthesis and deposition processes.  Therefore, controlling the process fabrication 
environment is important.  Most of the perovskite solar cells fabrication related research were 
carried out in humidity and oxygen controlled glovebox.  These could cost over $50K NZD for a 




content.  This is achieved by removing the moisture contained in atmospheric air and replace it 
with dry air such as high purity nitrogen gas.  However, the fabrication process for perovskite solar 
cells, especially for the devices with mesoporous structure, did not necessarily require zero humidity.  
There are reports verified that perovskite film quality is better when assisted by low levels of 
humidity.  Therefore, it is possible to build a cheap humidity-controlled processing work station for 
the fabrication of perovskite solar cells provided it is performed in a Nitrogen atmosphere. 
Figure 3-14 shows the design and setup of the glovebox built in house at the Nanofabrication 
Laboratory, Electrical and Computer Engineering Department, University of Canterbury for this 
research.  An 8 mm thick of transparent acrylic panels were used for the glovebox case, and 
polypropylene was selected as the working bench surface due to its good chemical resistance.  PVC 
pipe was used for the transfer passage and glove portal to lower the cost.  The total cost was kept 
at around $1000 NZD to build. 
To maintain the glovebox at a lower humidity level, approximately 5 L/min of nitrogen gas from the 
vaporization of liquid nitrogen was purged into the glovebox during the fabrication process with a 
ventilation outlet on the opposite side.  The high flow rate of the gas is to ensure the evaporation 
of the excess solvent vapour after spin coating and to maintain a constant humidity level in the 
glovebox.  While compact TiO2 and mesoporous TiO2 can be fabricated in air, both the 
photosensitive perovskite layer and the hole transport layer, spiro-omeTAD were deposited with the 
spin coating method in the glovebox.  Post annealing of the deposited films was also done inside 
the glovebox.  The samples were only removed right before the deposition of counter gold 
electrodes.  The fabricated samples were kept either in the dry box with less than 10% humidity 
before characterisation and were stored in containers under low vacuum after measurements. 
3.6 Conclusions 
The majority of the perovskite solar cell fabrication was done with spin coating multiple thin film 




between the transparent conductor and photosensitive perovskite layer, minimizing electron-hole 
pair recombinations.  E-beam evaporation was used for counter gold electrode instead of 
sputtering, to ensure the polymer based spiro-omeTAD hole transport layer is not damaged by the 
sputtering plasma.  A customized low-cost glovebox was built to control the humidity to below 15 
% during spin coating the photoactive layer. 
Most of the layers, apart from the spiro-omeTAD layer, has been characterized with thin film 
characterization techniques such as SEM, and AFM for film surface morphology, UV-VIS 
spectrometry for optical characteristics, and Photoluminescence spectrometry for electrical 
characteristics.  The completed devices have been tested with the solar simulator for the I-V 
relationship to determine the device’s overall power conversion efficiency, short circuit current 
density, open circuit voltage and fill factors.  The devices with different perovskite compositions 
were also tested with the customized spectral response measurements to determine at which 





4. MAPbI3 Perovskite Solar Cell Fabrication 
Optimization 
Perovskite was initially referring to the calcium titanate mineral named after the famous 
mineralogist Lev Perovski [151, 152].  It was first discovered in 1839 by Gustav Rose in Ural 
Mountain, Russia.  Calcium Titanate has a cubic crystal structure of ABX3, as shown in Figure 4-1.  
The name Perovskite was later expanded to all materials with the same ABX3 crystal structure, where 
A refers to the cation with a larger size, B is the other cation with a smaller size and X is the anion in 
the material.  Since the beginning of the perovskite solar cell research in 2009, there are now 
several different perovskite compositions synthesized [153].  For this chapter, Perovskite refers to 
CH3NH3PbI3 (MAPbI3), where CH3NH3+ (MA) is the monovalent cation A, Pb is the small cation B and 
Iodine is the halide anion X. 
 
Figure 4-1 generic perovskite crystal structure, where both A and B are cations with different sizes, and X is the anion in 
the composition.  Reproduced with permission from Martin A. Green et al [36].  For the perovskite material used in 
perovskite solar cell related applications, cation A usually refers to the larger organic monovalent cations such as CH3NH3+, 





One of the major issues with the perovskite solar cell fabrication is that the moisture in the ambient 
affects the crystallization of the MAPbI3 thin film, as well as degrading the already crystallized 
material [16, 48, 83].  Therefore, the glovebox is required for perovskite preparation, with a 
controlled amount of oxygen and moisture in the chamber which must be kept at a level close to 0 
ppm.  The cost of such equipment is very expensive, looking at over $NZ 500,000.  If the use of 
glovebox can be avoided, then the total cost of perovskite solar cells fabrication can be lowered 
significantly. 
In this chapter, the perovskite solar cell structure and composition have been examined and tested 
for performance optimization without the use of a glovebox.  The optimized cells are then used as 
the control samples for different experiments such as coating the cells with nanostructures and 
bandgap tuning for wavelength selectivity.  The optimization in this study was mainly focused on 
the electron transport layer (TiO2) and the active photon absorbing perovskite layer CH3NH3PbI3. 
4.1 Principles of Operation of Perovskite solar cells 
The structure of PSC is similar to DSSC as shown in Figure 4-2.  While there is a perovskite solar cell 
with different structures, PSC with mesoscopic structure was used for this research.  PSC with 
mesoscopic structure has better performance and stability when compared with planar structure 





Figure 4-2 Left: A typical perovskite solar cell structure with an illustration of the electron and holes transport direction.  
The active area of the device is defined as the area directly below the metal electrode.  The electron transport layer is 
usually highly transparent so that the light from the sun could travel through to the active photon absorbent perovskite 
layer.  The perovskite layer absorbs the photon and generates an electron-hole pair, which then got separated and 
travel in opposite directions to the load. Right: Structure of the perovskite solar cell used in this research.  Commercially 
available FTO glass was used for this research.  The electron compact and mesoporous TiO2 are the layers for the 
electron transport layer, MAPbI3 is the active perovskite thin film, and spiro-omeTAD is the hole transport layer. 
A substrate, such as glass or plastic is generally used as a base for building the multilayer structure 
of the perovskite solar cells.  A transparent oxide layer, typically Fluorine doped Tin Oxide (FTO) or 
Indium doped Tin Oxide (ITO), is then deposited onto the glass substrates via spray pyrolysis.  For 
this work, commercially available FTO glass or ITO glass was used to reduce one deposition step for 
the PSCs fabrication.  The compact TiO2 layer is then deposited onto the substrate as an electron 
transport layer, as well as a hole blocking layer.  The 100 to 200 nm of mesoporous TiO2 on top of 
the compact layer is generally used for enhancing the electron transmission in the perovskite solar 
cell and can also act as a light trapping material to trap the light inside the cell due to the porous 
surface of the film.  The active layer, perovskite, normally deposited via spin coating or dip coating, 
is the main active layer for photon absorption and hole-electron pairs generation.  The active layer 
is equivalent to the intrinsic layer if PSC is viewed as a p-i-n junction structure.  The hole 
transmitting layer, typically Spiro-omeTAD, is the layer for transmitting the holes, as well as acts as 




contact electrode, Au or Ag metals (or Ag/Al for inverted PSC structure) are the popular choices due 
to the high conductivity of the material and the small potential difference in valence band energy of 
the electrode and spiro-omeTAD in the universal energy chart shown in Figure 4-3 
. 
 
Figure 4-3 The universal bandgap energy alignment of perovskite solar cells and electron-hole pairs hopping towards the 
electrodes when the device is under sunlight condition.  When the perovskite is exposed to the sunlight, the active 
MAPbI3 perovskite layer absorbs the photons from the sunlight and generates electron-hole pair, which flow in different 
directions towards the load. 
The basic theory in PSC operation, as shown in Figure 4-2, is relatively similar to how DSSC operates, 
where the photon-sensitive dye is the active photon absorbent material in DSSC.  However, the 
operation of the DSSC device is based on the reduction-oxidation (REDOX) principle, where the dye 
absorbs the photon and excites the electron higher energy level.  This enables the electron to be 
free from dye molecules and then get injected into the wide bandgap semiconductor and then 
diffused toward the load.  Perovskite materials used for the perovskite solar cell applications, 
however, have various diffusion lengths (could range from a few nm to over 1 μm) depending on the 
material compositions.  The active layer (Perovskite) absorbs the photons from the sunlight and 




transmitting layer (TiO2) and the transparent conductive oxide (FTO or ITO).  On the other hand, 
the holes travel in the opposite direction through the hole transmitting layer (Spiro-omeTAD) 
reaching the contact electrode (gold or silver) through to the load. 
The conduction band (CB) energy of the wide bandgap oxide (TiO2) is lower than the CB energy of 
perovskite, promoting a smooth electron transfer between the layers while minimizing the loss of 
energy during transportation.  At the same time, the huge valence band (VB) energy of the two 
materials prevents the hole from traveling towards TiO2, reducing the possibility of electron-hole 
recombination in TiO2.  A similar situation occurs between the perovskite layer and hole 
transmitting layer (Spiro-omeTAD), where a small VB energy difference (approximately 0.5 eV 
difference) between the two materials allows the holes to travel to contact electrode smoothly and 
a huge CB energy difference (approximately 1.3 eV difference) prevents electrons to enter from 
perovskite layer.  The CB energy for the perovskite layer can be controlled by changing the small 
cation (eg. Pb, or Sn), while the VB energy depending on the difference in anion X (eg. I, Br, or Cl) 
[12, 13]. 
4.2 Fabrication Process for Perovskite solar cells 
 
Figure 4-4 A general flow chart of the perovskite solar cell fabrication process.  The fabrication process is following the 




sputtering and electron beam evaporation respectively, all the other layers were deposited via spin coating. 
The fabrication of perovskite solar cells involved depositing several layers of thin films deposited 
mainly by spin coating with the bottom-up approach.  The structure of the perovskite solar cell for 
this part of the research is shown in Figure 4-2 and the basic fabrication process of the device is 
shown in Figure 4-4.  The total thickness of a complete device, including FTO film on the 
commercially available FTO substrate (300 nm on soda lime glass, MSE supplies, 7-10 Ω/sq) is around 
1 to 1.3 μm.  This is composed of a 115 nm thick of compact TiO2, a 200 nm -300 nm of mesoporous 
TiO2 layer, an approximately 300 nm thick of perovskite active layer, a spiro-omeTAD layer with 
thickness around 200 nm, and a 100 nm thick gold electrode.  The commercially available FTO thin 
film is approximately 300 nm thick. 
 
Figure 4-5 Different fabrication methods for perovskite photoactive film deposition.  All 4 methods were tested in this 
research. 
Initially, we were attempting to fabricate perovskite solar cells in a normal laboratory atmosphere 
without the use of a glovebox, given that our nanofabrication laboratory has some temperature and 




electrodes have well know protocols, there are several different fabrication methods for fabricating 
the photoactive perovskite films [80, 83, 154].  Figure 4-5 shows the fabrication methods used for 
this research.  The one-step spin coating is the simplest method but could be greatly affected by 
ambient environmental conditions such as humidity and temperature.  The 2 step spin coating and 
spin coating + dip-coating method appear to be slightly more moisture resistant during the 
deposition process when compared with 1 step spin coating, but lots of pinholes still appeared in 
the film, resulting in recombination path for electron-hole pair generated.  The spin coating+ anti-
solvent method, which is the one adopted in this research minimized the influence of the moisture 
on the film but does require more precise control over manual handling for reproducibility.  Several 
methods have been tried and compared via SEM or AFM to determine which method produces 
perovskite films with suitable properties for solar cell applications. 
4.2.1 Precursor preparations 
Apart from the compact TiO2 thin film and gold electrode (Sputtering and E-beam evaporation), all 
other thin films employed in optimized perovskite solar cell fabrication are deposited with spin 
coating.  This requires preparations for the precursors used. 
Both DC sputtering and spin coating depositions for the compact TiO2 layer were tested for 
performance comparison.  The precursor preparation for spin coating compact TiO2 includes 
mixing equal parts of 0.245 mol of titanium isopropoxide (TTIP, Sigma-Aldrich, 97%) in ethanol 
(Thermofisher, absolute) and 0.02 mol of HCl (HCL, Univar, 32%) in ethanol with a magnetic stirrer 
and spin bar to obtain a clear colourless solution. 
For mesoporous TiO2 thin film, initial research was focused on mesoporous bi-layer TiO2.  This 
consists of a TiO2 nanoparticles paste with 18 nm particle size (Taiwan DSC PV, transparent) and a 
TiO2 nanoparticles paste containing 30% of TiO2 nanoparticles with 200 nm particle size (Taiwan DSC 
PV, opaque).  Both pastes were diluted separately in ethanol with a 1:4 w/w ratio.  This is later 




improve the short circuit current density of the device, as new studies show that the optimum total 
thickness for compact TiO2 with mesoporous TiO2 need to be within 400nm to ensure reasonable 
resistivity of the film with optimum active surface area and pore volume of TiO2 [155].  A solution 
of 150 mg/mL diluted TiO2 (Great solar cell, 30 N-RD) in Ethanol was prepared at least an hour before 
spin coating the solution on the compact TiO2 sputtered substrate.  The solution was maintained 
in a beaker on the magnetic hotplate stirrer at 50 °C and 200 rpm at all times to minimise the 
possibility of agglomeration of the TiO2 nanoparticles when dispensed onto the substrate. 
Methods of preparing the precursors for depositing the MAPbI3 films with different spin coating 
methods are shown in Table 4-1.  The main materials used for precursor preparations are PbI2 
powder (Lumtec, 99.999% trace metal basis), CH3NH3I crystals (MAI, Great Cell Solar, >99.5%), 
Dimethylformamide (DMF, Thermofisher Scientific, 99.5% certified AR), Dimethylsulfoxide (DMSO, 
Fisher Scientific, ≥99.7%), and Isopropanol alcohol (IPA, Labserv Pronalys, AR ACS). 
Table 4-1 Precursor preparation for different perovskite thin film deposition methods 
1 step spin coating and spin coating with anti-solvent methods 
Dissolve 1:1 mol ratio of PbI2 and MAI powder in a mixed solvent of DMF and GBL (8:2) to make a 
40% w/w ratio of CH3NH3PbI3 in solution.  The solution is then stirred at 70 °C overnight to 
achieve a homogeneous clear yellow solution for spin coating.  The solution is maintained at 70 
°C during the spin coating process. [156] 
2 step spin coating and spin coating with dip coating methods 
2 separate solutions were prepared.  The first precursor is prepared by dissolving 1 mol of PbI2 
in a mixed solvent of DMF and GBL (8:2) and stirred at 70 °C overnight to achieve a homogeneous 
clear yellow solution for spin coating.  The solution is maintained at 70°C during spin coating.  
The second precursor is a solution that consists of MAI in IPA with a concentration of 10 mg/mL.  
This is prepared immediately before spin coating the first precursor. 
The precursor for the Spiro-omeTAD hole transport layer is usually prepared before deposition.  




4-tert-Butylpyridine and 17.5 μL of Lithium salt in acetonitrile (520mg/mL of 
Bis(trifluoromethylsulfonyl)amine lithium salt in acetonitrile) to the mixture. 
4.2.2 Device Fabrication 
Substrate cleaning: 
A quarter section of the FTO film area of the commercially available FTO glass (10  10 mm2 or 20 
 20 mm2, MSE supplies, 1.1 mm, 7-10 Ω/sq.) was etched away by mixing zinc powder (Sigma-
Aldrich, purum) and diluted 2 mol of Hydrochloric acid on the unwanted area of FTO. [157]  This is 
to prevent short-circuiting the top and bottom electrodes.  The substrates are then cleaned with 
diluted lemon detergent (any detergents that has a label with “leaves no residue” would work) in 
hot water to remove zinc chloride from the reaction of zinc and HCl.  This is followed by 3 times 
rinsing in hot water to ensure the detergent has been rinsed off completely.  The substrates are 
then cleaned, in the ultrasonic bath, with acetone for 5 minutes, followed by methanol for 10 
minutes and Isopropyl alcohol for 5 minutes.  The cleaned substrates were then placed inside the 
95 °C oven for at least 5 minutes to remove the solvent residues. 
Compact TiO2 deposition: 
Table 4-2 Change in parameters for compact TiO2 optimization 
Change in Ar:O2 gas ratio for DC sputtering, thickness fixed at 115 nm 
2:1 1:1 1:2  
Change in TiO2 film thickness, process gas ratio fixed at 1:2 
65 nm 80 nm 100 nm 115 nm 
 
DC sputtering was used for the compact TiO2 deposition.  Before the deposition of compact TiO2, 
the cleaned substrates were soaked under 100 W of O2 plasma with the plasma asher (Quorum 
Technologies K1050X) to clean off any residues that are left on the substrates.  The O2 plasma also 




FTO.  After O2 plasma clean, another 1/4 section of the substrates were covered with polyamide 
tape to ensure part of FTO film is not exposed to TiO2 sputtering.  Different thicknesses of the 
compact TiO2 film were deposited with 200 W of DC magnetron sputtering power using pure 
Titanium target (99.9999% check purity) with a mixture of Argon and Oxygen gas.  Different 
processing gas ratios were also tested for optimization.   The chamber processing pressure was 
maintained at approximately 4.810-3 torr.  The change in parameters for TiO2 optimization is 
shown in Table 4-2. 
Mesoporous TiO2 deposition: 
For the Bi-layer mesoporous TiO2 layer, the prepared precursors were spun coated onto the compact 
TiO2 coated substrate with the rotation speed of 5000 rpm, acceleration at 2500 rpm/second, and 
10-second duration subsequently.  The precursor containing TiO2 nanoparticles with 18 nm particle 
size was first deposited, followed by 5 minutes of baking at 60 °C, before the deposition of 
mesoporous TiO2 with 200 nm particle size.  For devices with a single mesoporous TiO2 layer 
consisting of 30 nm particle size, the prepared precursor was spin coated with 5000 rpm rotation 
speed, 2500 rpm/second acceleration, and 10 seconds of duration.  After spin coating, the 
substrates were annealed on a hot plate at 100 °C for 5 minutes to remove excess solvent.  The 
samples were then annealed at 500 °C with the several intermediate temperatures and annealing 
durations shown in Table 4-3 followed by cooling slowly down to 100 °C.  The substrates can then 
be stored in a 95 °C oven if subsequent procedures are carried-on within a week.  If longer waiting 
times are required, the substrates can be stored under a low vacuum with minimal light to prevent 
the degradation from UV light or the excess of moisture that can condense on film. 
Table 4-3 Annealing parameters for mesoporous TiO2 
Temperature (°C) 100 220 300 380 460 500 
Duration (min) 5 5 5 5 5 30 
CH3NH3PbI3 perovskite film deposition: 
As mentioned at the beginning of the section, several different spin coating methods for perovskite 




each method is given in Table 4-4. 
Table 4-4 Description of each deposition method tried for CH3NH3PbI3 deposition methods 
1-step spin coating 
Substrates coated with compact and mesoporous TiO2 were preheated at 70 °C before spin 
coating.  The precursor prepared with recipe described in section 3.2.1 was first spin coated onto 
the substrate with low speed 1000 rpm and acceleration setting of 500 rpm/second for 3 seconds 
to ensure full substrate coverage, followed by high speed spin coating at 4000 rpm and 2000 
rpm/second for 5 seconds to define the thickness.  The spin coated substrates were immediately 
annealed at 70 °C for 10 minutes to remove any residual excess solvent. 
Spin coating with dip coating 
The PbI2 precursor was first spin coated on 70 °C preheated substrate for 3 seconds with the low 
spin speed setting at 1000 rpm and acceleration at 500 rpm/second.  The spinning speed is then 
immediately increased to 4000 rpm with acceleration set at 2000 rpm/second for 5 seconds.  The 
substrates were then placed on a 70 °C hotplate for 5 minutes to remove excess solvent then 
cooled down to room temperature for dip coating.  The PbI2 spun coated substrate was then 
submerged in the MAI/IPA solution for 5 minutes, followed by a quick rinse with IPA, then dried 
on a 70 °C hotplate for 5 minutes. 
2 step spin coating 
The 70 °C preheated substrate was spun coated with PbI2 precursor at 1000 rpm and 500 
rpm/second for 3 seconds followed by 4000 rpm and 2000 rpm/second for 5 seconds.  The 
substrate was then annealed at 70 °C for 5 minutes then cooled down to room temperature for 
2nd spin coating.  The MAI/IPA solution was then spun coated onto the substrate with 6000 rpm, 
2000 rpm/second, and 10 seconds duration. 
Spin coating with anti-solvent 
The CH3NH3PbI3 precursor was spin coated on the preheated substrate with 1000 rpm and 500 




of chlorobenzene was dripped onto the substrate 5 seconds before the end of the spin coating.  
The spin-coated substrate was then annealed at 70 °C for 5 minutes. 
Spiro-OmeTAD deposition: 
The perovskite layer which was deposited on the substrate was first cooled to room temperature 
before the spiro-omeTAD spin coating. A 200 μL of the prepared spiro-omeTAD precursor was spun 
coated on the substrate at 4000 rpm, 1000 rpm/second for 30 seconds.  The substrate was then 
placed in a dry cabinet, under dark, to oxidize the spiro-omeTAD layer further for at least 8 hours to 
improve the hole conductivity of the layer.  Moreover, during spin coating, the Li+ ions tend to stay 
closer to the interface between the spiro-omeTAD and active MAPbI3 layer.  Letting the thin film 
“rest” in dark, allowing the Li+ ions to redistribute evenly in the spiro-omeTAD film [56, 57, 158]. 
Gold counter electrode deposition: 
A total of 100 nm of gold (24ct pure gold, Regal Castings Ltd)was evaporated onto the sample using 
the electron beam evaporation in Edward Auto 500 sputtering system described in chapter 2.  The 
deposition rate is shown in Table 4-5.  The 5 kV electron beam with approximately 32 to 38 mA 
beam current was used.  The chamber pressure was kept at around 110-5 during evaporation. 
Table 4-5 Gold electrode deposition rate 
Deposition rate (nm/sec) 0.01-0.02 0.06-0.08 
Thickness (nm) 5 95 
 
4.2.3 Thin Film and Device Characterisation 
The completed device was rested in a dry place under dark overnight.  This is first to allow Lithium 
ions to redistribute in the hole transport layer and slightly diffused into the MAPbI3.  This allows 
the Li+ to accumulate at the grain boundaries of perovskite film, resulting in the higher potential 
difference at the grain boundaries, which attracts the electrons and repels the holes more easily, 




then tested under simulated solar light for the current vs. voltage characterisation.  The simulated 
light is maintained at 100 W/cm2 irradiation, equivalent to the midday sunlight intensity at the 
equator.  The 21 measurement points to construct the current-voltage curve was taken between 0 
V and 1 V. 
The electron transport layer, TiO2 films were characterised via UV-Vis spectrometry for transparency 
and XRD for crystal phase confirmation.  Thin films of the perovskite solar cells were also 
characterised individually on compact TiO2 coated quartz substrate.  The compact TiO2 acted as the 
buffer layer since the CH3NH3PbI3 film does not adhere well to the quartz substrate.  Scanning 
electron microscopy SEM and Atomic Force Microscopy AFM were used for the thin film surface 
morphology imaging and UV-Vis spectrometry was used for the active layer light absorbance 
measurements. 
4.3 Device thin film optimizations 
The main focus of the optimization was on the deposition methods, the thicknesses, and film 
morphologies of the compact TiO2, mesoporous TiO2, and MAPbI3 layers.  The hole transporting 
layer, lithium doped spiro-omeTAD, was kept unmodified, following the synthesis and fabrication 
method described by previously published literature [57, 160, 161]. 
4.3.1 Compact TiO2 optimization 
DC magnetron sputtering deposition method was used for compact TiO2 thin film deposition.  DC 
sputtering produces a much denser and higher quality of TiO2 thin film when compared with the 
spin coating method.  While the 4 hour deposition time for growing a 115 nm thin film seems long 
when compared with spin coating, a large number of samples can be prepared at the same time, as 
opposed to one sample at a time for spin coating.  Moreover, the film also appears to be more 
robust when compared with TiO2 film deposited with spin coating.    Figure 4-6 shows the SEM 




glass.  The surface roughness of the film measured using the AFM was approximately 5.6 nm, which 
was very similar to the surface roughness of the ITO coated substrate of 5.8 nm.  This indicates that 
the thin film itself is very smooth.  The average grain size is approximately 120 nm.  This is larger 
than the TiO2 deposited with RF sputtering published by C H Wei et al [162]. 
 
Figure 4-6 SEM image of DC sputtered TiO2 film, showing grains in the range from 80 nm to 150 nm. 
The DC sputtering power was maintained at 200 W for a reasonable deposition rate (30 nm per hour), 
and for the sputtering chamber to maintain below 100 °C.  The chamber temperature could 
increase to 100 °C for a long period of sputtering at high power. 
The performance of perovskite solar cells with different TiO2 thickness of deposited films was 
studied, as shown in Table 4-6.  Due to the sputtering system’s limitation, the maximum thickness 
of the film that can be deposited via DC sputtering is 115nm.  The short circuit current density 
increased from less than 4 mA/cm2 to over 8.8 mA/cm2 when the compact TiO2 thickness increased 
to over 100 nm.  Moreover, the open circuit voltage also improved from 0.55 V to 0.8 V.  This 
results in an improvement in the perovskite solar cell’s overall power conversion efficiency from less 
than 1.3 % to 3.79 % for the champion sample. 
Table 4-6 Perovskite solar cell overall performance with different compact TiO2 thickness.  An increase of short circuit 




power efficiency conversion improvement from 1.3 % to 3.8%.  3 samples with 3 isolated cells each for each variable 
have been fabricated in the same batch to ensure the validity of the result. 
TiO2 thickness (nm) Jsc (mA/cm2) Voc (V) Fill Factor Efficiency (%) 
65 3.765 0.675 0.517 1.315 
80 3.432 0.550 0.323 0.609 
100 8.893 0.750 0.501 3.345 
115 8.850 0.800 0.530 3.790 
The device performance of the compact TiO2 DC sputtered with different processing gas ratio is 
shown in Table 4-7.  The thickness of the compact TiO2 on all samples was 115nm.  The best result 
was obtained when the oxygen flow rate was twice the argon flow rate.  The working chamber 
pressure was maintained between 4.8 and 5.5 *10-3 mbar.  When the ratio of oxygen increased 
during sputtering, the colour of the compact TiO2 changed from semi-transparent slightly 
greyish/metallic colour to transparent film with a tint of green colour.  The overall power 
conversion efficiency increased from 1% to close to 3 %, with short circuit density increased to 
almost 10 mA/cm3.  The low efficiency of the device would be mainly due to the active film and the 
mesoporous TiO2 which were not yet optimized. 
Table 4-7 Average device performance of perovskite solar cells with 115 nm compact TiO2 deposited with different 
processing gas ratios, the perovskite layer, and the mesoporous TIO2 layers were not optimized yet.  3 individual 
substrates containing 3 isolated cells on each sample for each gas ratio.  All samples were fabricated in the same batch 
for processes from mesoporous TiO2 spin coating onwards. Each isolated cell is tested at least 3 times with the same IV 
sweeping range 
Argon:Oxygen Jsc (mA/cm2) Voc (V) Fill Factor Efficiency (%) 
2:1 5.40 0.67 0.30 1.08 
1:1 4.51 0.61 0.24 0.67 
1:2 9.40 0.77 0.42 2.97 
The sputtered samples were sent to The Instrument Centre of National Cheng Kung University, 
Taiwan for glancing angle XRD measurements with a multipurpose X-Ray Thin-Film Micro Area 




sputtered TiO2 thin film has, since anatase is the desired crystal structure.  TiO2 with the anatase 
phase exhibits the best photocatalytic properties for solar cells.  The incidence angle was set at 1 ° 
with the other set up conditions of 40 kV, 100mA and 2θ: 20 ° - 80 °.  The XRD patterns of DC 
magnetron sputtered TiO2 thin films are shown in Figure 4-7.  All as-deposited TiO2 film sputtered 
using different gas mixture appeared to be amorphous.  However, after high temperature 
annealing at 450 °C, TiO2 with anatase phase characteristics started to appear.  The film XRD 
pattern appeared to be similar to the ones in the literature. [163, 164]  The crystal structure 
appeared to be slightly different from the variation of sputtering gas.  The peaks at 25 ° and near 
40 ° correspond to the <101> and <004> reflections of anatase structure.  There is also a small peak 
at around 48°, which is closely related to <200> reflection of anatase structure.  The peak at 55 °is 
possibly related to the <211> and <105> reflection of anatase structure.   TiO2 sample deposited 
with an Ar/O2 gas ratio of 1:2 shows a higher intensity count after annealing at 450 °C.  One small 
peak appeared at near 20 ° for the samples with Ar/O2 process gas ratios of 1:1 and 1:2.  This was 
not part of the anatase peaks shown in the literature and only appeared after annealing.  It could 
be from the glass substrate that got picked up by the XRD measurement, and could also possible 
from the thin film impurities during sputtering such as different material particles that react with 






Figure 4-7 XRD measurements of 115 nm TiO2 thin film deposited with DC magnetron sputtering using different process 
gas mixtures. (a) as-deposited TiO2 thin film (b) TiO2 film deposited in a mixture of Ar/O2 ratio 2:1, annealed at 450 °C 
for 30 minutes (c) TiO2 film deposited in a mixture of Ar/O2 ratio 1:1, annealed at 450 °C for 30 minutes (d) TiO2 film 
deposited with Ar/O2 ratio 1:2, annealed at 450 °C for 30 minutes. 
The transparency measurement of the compact TiO2 is shown in Figure 4-8.  The sample was tested 
using ITO coated microscope glass comparing to air reference for baseline correction.  The compact 
TiO2 film allows over 80% of the light to pass through in most regions except when the wavelength 
is shorter than 350 nm.  The peak positioned around 400 nm shows the highest, with 





Figure 4-8 Transparency measurement of the compact TiO2 film on ITO using UV-Vis spectrometer, with ITO coated glass 
substrate as the baseline.  The combination of ITO glass+ compact TiO2 might have allowed slightly more light to pass 
through at 400 nm wavelength when compared with ITO glass alone. 
4.3.2 Mesoporous TiO2 layer for device overall power conversion efficiency 
optimization 
 




























Mesoporous TiO2 is an important material for perovskite solar cells with a mesoscopic structure.  
This layer is used to increase the interface area between the active perovskite layer and the electron 
transport layer.  Moreover, due to the aggregation of the submicron-sized TiO2 nanoparticles that 
can diffuse light at UV and visible light regions, mesoporous TiO2 can act as a light scattering layer to 
improve the amount of incident light reaching the perovskite active layer [165]. 
Bi-layer mesoporous TiO2 with 18 nm and 200 nm particle sizes 
The initial test was carried out with a bi-layer of TiO2 with 2 different particle sizes—18 nm and 200 
nm, with sequential spin coating then dip coating for the MAPbI3 layer.  There were reports 
regarding dye sensitized solar cells that suggest using double layers of mesoporous TiO2 would 
improve the overall device performance [166].  Figure 4-9 shows the position of the mesoporous 
TiO2 with different particle sizes for devices with bi-layer mesoporous TiO2.  The effect of using a 
bi-layer of mesoporous TiO2 is presented in Table 4-8.  The spin coating speed of both layers was 
kept at 5000 rpm, which gives approximately 800 nm thickness in total for the bilayer mesoporous 
TiO2, and 300 nm for a single layer without the 200 nm particle-sized TiO2 layer. 
Table 4-8 Perovskite Solar Cells performance under sunlight simulator with single and double layer of mesoporous TiO2 
or without mesoporous TiO2 layer. 3 samples with 3 isolated cells each for each variable have been fabricated in the 
same batch to ensure the validity of the result. 
Perovskite solar cells key parameters with or without mesoporous TiO2 
PSC structure Jsc (mA/cm2) Voc (V) Fill Factor Efficiency (%) 
With double TiO2 layer 11.71 0.75 0.50 4.35 
Without 200nm particle size mp-TiO2 4.73 0.65 0.52 1.60 
Without TiO2 layer 6.88 0.85 0.15 0.87 
Various thicknesses of each mesoporous TiO2 layer were also examined to determine the best 
thickness for each layer.  The result is shown in Table 4-9 and Table 4-10.  While there seems to 
be an improvement in both short circuit current density and open circuit voltage, it seems like the 
improvement of the overall electrical performance has reached a limit, since it is difficult to further 
reduce the TiO2 layer with 200 nm particle size. 




with 3 isolated cells each for each variable have been fabricated in the same batch to ensure the validity of the result. 
Perovskite solar cells with different thicknesses of 18 nm mesoporous TiO2 and fixed 200 nm 
mesoporous TiO2 (600 nm) 
18 nm particle size TiO 2 layer thickness (nm) Jsc (mA/cm2) Voc (V) Fill Factor Efficiency (%) 
450 2.38 0.75 0.44 0.79 
350 3.60 0.73 0.39 1.01 
300 5.04 0.75 0.37 1.37 
280 4.39 0.82 0.45 1.56 
270 4.41 0.88 0.49 1.82 
 
Table 4-10 Device performance for different thicknesses of mesoporous TiO2 with 200 nm particle size. 3 samples with 
3 isolated cells each for each variable have been fabricated in the same batch to ensure the validity of the result. 
Perovskite solar cells with different thickness of 200 nm mesoporous TiO2 and fixed 18 nm 
mesoporous TiO2 (270 nm) 
200 nm particle size TiO2layer thickness (nm) Jsc (mA/cm2) Voc (V) Fill Factor Efficiency (%) 
1050 3.34 0.55 0.31 0.57 
600 7.95 0.70 0.29 1.59 
500 11.50 0.75 0.51 4.37 
450 11.27 0.85 0.56 5.35 
Single-layer mesoporous TiO2 with 30 nm particle size 
While there was an improvement in the overall device performance, the overall efficiency of the 
device was capped at 5% regardless of the change in MAPbI3 deposition methods.  The result from 
Table 4-9 and Table 4-10 indicated that the thickness of mesoporous TiO2 needs to be as thin as 
possible.  However, the 200 nm particle size for the 2nd mesoporous TiO2 layer limits the extent to 
which the thickness of mesoporous TiO2 can be reduced.  The reduction of the thickness not just 
improved the transparency of the film for photons reaching the active perovskite layer, the 
transportation path between the perovskite layer and the electrode is shorter, minimizing the 
electron-hole pair recombination at the TiO2 layer.  Therefore, alternative material for mesoporous 
TiO2 needs to be investigated for further improvement in device performance.  For this reason, TiO2 
paste containing TiO2 with a particle size of 30 nm was used in the next sets of experiments.  Table 




particle size mesoporous TiO2 with the device using bi-layer mesoporous TiO2, showing an 
improvement in both short circuit current density and open circuit voltage.  Mesoporous TiO2 with 
30 nm particle size can both increase the interface area between the perovskite layer and TiO2 layers, 
and scatter the incident light, especially in the wavelength region shorter than 600 nm, to minimize 
the reflected light.  Moreover, due to the small particle size, the average mesoporous TiO2 
thickness can be reduced down to approximately 200 nm.  The MAPbI3 film quality and thickness 
optimization for an overall improvement on the perovskite solar cell in the next section were based 
on mesoporous TiO2 with 30 nm particle size. 
Table 4-11 Comparison of key parameters of PSC device fabricated with bi-layer mesoporous TiO2 with 18 nm and 200 
nm particle size and single layer TiO2 with 30 nm particle size. 3 samples with 3 isolated cells each for each variable have 
been fabricated in the same batch to ensure the validity of the result. 
PSC structure Jsc (mA/cm2) Voc (V) Fill Factor Efficiency (%) 
With double TiO2 layer (total 
270+450 nm)  
11.71 0.75 0.50 4.4 
Single TiO2 layer with 30 nm 
particle size (~200 nm) 
13.36 0.89 0.42 5.1 
4.3.3 Active perovskite layer optimization 
Deposition method selection: 
As mentioned in Section 4.2, there are several different ways for depositing CH3NH3PbI3 that have 
been reported, but most of the published device fabrications were performed in ultra-low humidity 
glovebox.  Here we attempted to fabricate the device structure in ambient air, with common 
laboratory atmosphere humidity of approximately 35 %, as opposed to the glovebox environment 
with near 0% humidity that most researchers used.  The result is shown in Table 4-12.  Due to the 
limitation of IV measurement software used in this part of the study, only forward sweeping was 
done for the comparison shown in Table 4-12.  The method that gave the best results for the 
perovskite layer was the spin coating with the anti-solvent method.  The power conversion 




both the short circuit current density and open circuit voltage also increased dramatically. 
Table 4-12 Device performance with different deposition methods for the perovskite active layer. 3 samples with 3 
isolated cells each for each variable have been fabricated in the same batch to ensure the validity of the result. 
 Jsc (mA/cm2) Voc (V) Fill Factor Efficiency (%) 
1 step spin coating 10.36 0.70 0.37 2.72 
spin coating + dip coating 11.27 0.85 0.52 4.99 
spin coating + spin coating 12.13 0.90 0.62 6.78 
spin coating + anti-solvent 17.73 0.90 0.51 8.26 
 
Figure 4-10 SEM images of MAPbI3 deposited on mp-TiO2 coated substrates with different deposition methods. (a) one-
step spin coating, (b) spin coating PbI2 with dip coating MAI, (c) spin coating PbI2 with spin coating MAI, and (d) one-step 
spin coating with chlorobenzene anti-solvent spin coating. 
The SEM images of the surface morphologies of MAPbI3 deposited with different deposition 






spin coated MAPbI3 forms woven like pattern that did not provide full coverage of the material on 
the sample.  The underlying mesoporous TiO2 can be seen clearly, leading to a massive electron-
hole pair recombination path at the interface between TiO2 and spiro-omeTAD.  While the spin 
coating PbI2 with dip coating MAI method shows much better surface coverage when compared with 
the 1 step spin coating method, but with a very rough surface (with roughness over 100 nm) and the 
grains appeared to be cubic crystals, ranging from 300 nm to 1 μm in size, that loosely sits on the 
surface.  There are still lots of gaps between the cubic grains which provide a recombination path 
for the electron-hole pair.  The sequential spin coating of spin coat PbI2 followed by MAI appears 
to be smoother when compared with the spin coating with the dip coating method.  The grain size, 
however, decreased to less than 200 nm on average.  Moreover, the grains were formed in flaky 
irregular shapes, with no clear grain boundaries.  For spin coating with anti-solvent dispensing, the 
film appeared to be smooth (with surface roughness roughly 10 nm) and with clear grain boundaries.  
The grains are shaped in polygons, with sizes ranged from 100 nm to close to 1 μm. 
Optimization of spin coating with anti-solvent method prepared MAPbI3 film morphology for 
device overall performance improvement 
Although spin coating with anti-solvent achieved the highest efficiency solar cell in this study, the 
control for several variables with this method is challenging since the samples are fabricated in an 
uncontrolled environment and that the manual handling of the anti-solvent dispensing is critical to 
the crystallization of MAPbI3.   The variables that can be controlled, such as the amount and the 
timing of chlorobenzene being dispensed during spin coating, were adjusted to the parameters that 
achieved the best result.  This includes the timing for the deposition of the chlorobenzene on the 
substrate during perovskite precursor spin coating, and the amount of chlorobenzene needed.  
Figure 4-11 shows the surface morphology of MAPbI3 with different amount of chlorobenzene used 





Figure 4-11 Perovskite thin film morphology with (a) 60 μL, (b) 80 μL, (c) 100 μL, and (d)120 μL of chlorobenzene used 
as anti-solvent to wash remove the precursor solvent during spin coating.  The scale bars of the larger images are 1 μm 
and the scale bars for the insert images are 200 nm.   The substrate size was 10*10 mm2 for imaging convenience and 
the film is approximately 400 nm thick.  When there are too little or too much chlorobenzene dispensed during spin 
coating, cracks between grain boundaries could be formed. 
When there are little or too much chlorobenzene dispensed on the sample during spin coating, 
cracks with length up to more than 1 μm formed between grain boundaries.  There are few 
suggestions of why this might occur.  The most possible explanation refers to the existence of 
precursor solvent (such as DMF, DMSO, or GBL) or chlorobenzene residue remained in the film after 
dispensing chlorobenzene.  The purpose of chlorobenzene dispensing during spin coating the 
perovskite precursor on the substrate is to remove the precursor solvent earlier, promoting the 






a high chance that the precursor solvent was only partially removed.  The residue of the precursor 
solvent that was not washed away by chlorobenzene remained in the film at the grain boundaries.  
Therefore, cracks are formed when the residue is evaporated during the annealing process.  On the 
other hand, when excess chlorobenzene is used, while all precursor solvents were removed during 
the thin film formation, the excess chlorobenzene remained in the film between grains.  Therefore 
cracks occurred when chlorobenzene is evaporated. [167] 
Table 4-13 Characterization of solar cells fabricated on 25*25 mm2 substrates with different amount of chlorobenzene 
used for the anti-solvent deposition. 3 samples with 3 isolated cells each for each variable have been fabricated in the 
same batch to ensure the validity of the result. 




Forward 5.51 37.60 908.10 16.15 
Reverse 6.77 47.40 932.80 15.32 
Average 6.14 42.50 920.45 15.74 
500 μL 
Forward 3.70 27.80 861.70 15.42 
Reverse 4.43 39.90 846.50 13.13 
Average 4.07 33.85 854.10 14.28 
The devices were initially fabricated on 10*10 mm substrates, but the small size results in the rapid 
cooling down of the substrate before depositing the precursor material.  Consequently, there is an 
immediate temperature drop of the preheated precursor as the precursor is dispensed onto the 
substrate.  The drop in temperature indicates that less solvent is being evaporated at the beginning 
of the spin coating when compared with precursors dispensed that could be maintained at the 
elevated temperature.  The longer the solvent remained on the substrate during spin coating 
resulting in an intermediate phase which is extremely sensitive to moisture before the nucleation of 
perovskite taking place [168].  This is also one of the reasons for the anti-solvent method to be 
more effective when compared with other spin coating methods since it removes the solvent before 
the intermediate phase taking place, and speeds up the nucleation of perovskite crystals before 
being attacked by the moisture.  Therefore, for device performance comparison, larger substrates, 




of chlorobenzene is required.  Table 4-13 and Figure 4-12 show the difference in performance when 
the different amount of chlorobenzene was used during MAPbI3 thin film deposition.  The active 
area of the device is 0.3 mm2. 
 
Figure 4-12 IV curve comparison between devices with different amount of chlorobenzene for anti-solvent deposition.  
Both forward and reverse sweepings were plotted with the ABET 3000A solar simulator, Keithly source meter, and IV 
plotting software by Kelzenberg which was described in chapter 2 [133].  The fill factor is approximately 37 % on 
average.  The device with the perovskite layer fabricated using the anti-solvent method with 250 μL chlorobenzene 
shows the better result. 
This is also the first time that we utilized an alternative software, described in Section 2.4.1 for IV 
measurement and plotting [133].  The device is measured with a voltage sweep from -0.4 V to 1.2 
V for forward sweeping and 1.2 V to -0.4 V for reverse sweeping, with 20 mV as the step size.  
Hysteresis effect, which is the presence of a difference between forward and reverse sweeping can 
be seen.  Hysteresis is one of the major topics in tailoring an accurate measurement for perovskite 
solar cell electrical performances.  While the open circuit voltage appears to be relatively close 
between forward and reverse sweeping, the short circuit density shows an improvement from 14.28 
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to over 10% differences in fill factor.  In consequence, there is an approximately 1 % difference in 
power conversion efficiency. 
The timing for depositing the chlorobenzene is also a critical factor in producing good quality 
perovskite films.  If chlorobenzene was dispensed too early, the precursor gets washed away before 
the material could adhere to the substrate.  On the other hand, if the chlorobenzene was dispensed 
too late, the nucleation of MAPbI3 becomes too slow and may be affected by the moisture in the air, 
resulting in a hazy coloured film instead of the mirror-like film as desired.  Spin coating MAPbI3 
requires 2 different spin coating speeds.  One at a low speed of 1000 rpm to ensure the precursor 
is fully covered.  The duration of this part was kept very short, at 3 seconds, to minimize the effect 
of moisture during the whole process.  The spin speed was then increased to 5000 rpm for 25 
seconds.  Chlorobenzene was dispended at either 5 seconds before the high spin speed ends or 20 
seconds before the high speed spin coating ends.  Figure 4-13 shows the IV curve and Table 4-14 
shows the device performance of samples with chlorobenzene dispensing at different timings, 
displaying the effect of the anti-solvent dispensing timing on the illuminated current-voltage 
characteristics of the fabricated solar cells.  An increase in the fill factor, Voc, and Jsc of the device 
with chlorobenzene dispensed at 20 seconds before the high speed spin coating step ends.  This 
indicates the perovskite film fabricated with chlorobenzene dispensed at 20 seconds before the high 
speed spin step ends has fewer defects compared to the device with chlorobenzene dispensed at 5 
seconds before the spin coating step finished. 
Table 4-14 Device performance for different Chlorobenzene dispensing times.  Forward and reverse sweeps were 
conducted because of the hysteresis phenomena found in perovskite solar cells discussed in chapter 2. 3 samples with 
3 isolated cells each for each variable have been fabricated in the same batch to ensure the validity of the result. 
  η (%) Fill Factor (%) Voc   (mV) Jsc (mA/cm2) 
5 second 
forward 4.43 36.3 766.9 15.89 
reverse 6.35 46.2 835.5 16.48 
20 second 
forward 6.12 41.9 810.8 18.02 






Figure 4-13 Illuminated forward and reverse sweep of the I-V curve for perovskite cells prepared with chlorobenzene at 
different dispensing times before the high speed spin coating step finished.  The highest efficiency was obtained for 
chlorobenzene dispensing at 20 seconds before the high speed spin coating step finished, with short circuit density and 
open circuit voltage both increased. 
It was also observed that the duration of the high spinning speed needs to be shortened as humidity 
increases.  When the ambient humidity during sample preparation was increased to over 40 %, the 
duration of the high spin coating step needed to be shortened to 10 seconds. Whereas when the 
humidity is around 20%, the spin coating duration has to be extended to 25 seconds.  The critical 
factor here is to keep the remaining spin coating time after the chlorobenzene dispensing step to 5 
seconds.  Long spinning time after dispensing the chlorobenzene resulted in degradation of the 
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4.3.4 Best Device Performance for perovskite solar cell fabricated with little 
control on humidity 
The best performance obtained in this work for perovskite solar cells fabricated in the air is shown 
in Table 4-15 and Figure 4-14, with an active area of 0.3 mm2.  The highest open circuit voltage 
achieved was over 900 mV, and the short circuit current reached a maximum of 17 mA/cm2.  The 
best power conversion efficiency achieved was close to 10 %.  The fill factor, however, was low, less 
than 60 %.  The low fill factor is possibly due to the low value of shunt resistance and the relatively 
high value for series resistance when compared with the one published.  Several reasons could lead 
to high series resistance.  This includes the interfaces between the active perovskite film and the 
electron transport layer and the hole transport layer. 
Table 4-15 Champion device performance, with an efficiency close to 10 % at reverse sweeping. 
 Efficiency (%) Fill Factor (%) Voc (V) Jsc (mA/cm2) Rseries(Ωcm2) Rshunt(Ωcm2) 
Forward sweeping 6.64 42.8 869.4 17.82 12 540.1 
Reverse sweeping 9.88 59.6 939.9 17.63 15 660.1 
The hysteresis effect was also observed in the device during I-V characteristic sweeping.  The power 
conversion efficiency of the forward sweeping is approximately 30% lower than the reverse 
sweeping.  There are several reasons for the hysteresis effect in perovskite solar cells.  The charge 
accumulation at the interface between the compact TiO2 and the perovskite solar cells is usually one 





Figure 4-14 IV curve under simulated sunlight for the best efficiency of perovskite solar cell fabricated by this work in air, 
with a short circuit current close to 18 mA/cm2 and open circuit voltage around 0.9 V. 
4.3.5 Comparison between devices fabricated with or without humidity 
controlled environment 
While it is possible to fabricate perovskite solar cells without controlling the environmental 
conditions, the performances of the cells are limited when compared with the devices fabricated in 
the environmental condition controlled atmosphere.  Table 4-16 shows the difference in device 
performance under light conditions.  While the fill factor seems to be similar for each case, there 
is a definite increase in the open circuit voltage and short circuit current density.  The open circuit 
voltage was able to increase to close to 1 V, with some devices occasionally reaching slightly over 1V, 
similar to the results published in the literature.  The short circuit current density also increased to 
approximately 15 mA/cm2 on average for devices fabricated in a humidity controlled chamber, as 
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the paths for electron-hole pair recombination are reduced in the devices fabricated with humidity 
controlled environment.  The higher short circuit current density of devices fabricated in a 
controlled environment indicates fewer defects within the device, or at the interface between thin 
films.  In consequence, there are fewer traps within the device that traps electrons from flowing to 
the load before recombines with the holes. 
Table 4-16 Common device performances with the solar simulator of perovskite solar cells fabricated with or without a 
humidity controlled environment.  The device with the best performance is excluded in this table, to show the most 
common result obtained with or without a glovebox. 

















5.13 54.33 850.00 11.12 7.6 52.3 996.6 14.59 
3.05 35.41 862.05 10.00 7.85 50.4 988.8 15.75 
4.37 50.66 750.00 11.50 7.09 43.3 1010.2 16.22 
6.13 52.09 850.00 13.85 6.63 45.9 856 16.86 
3.31 43.01 862.05 8.93 6.83 46.6 919.3 15.93 
4.4 Optimized PSC fabrication protocol 
Compact TiO2 deposition 
200 W DC sputtering using Ti sputtering target (99.995%, 3” Dia) with Ar/O2 gas ratio 1:2 and the 
pressure set at 4.8×10-3 torr to achieve a thickness of 115 nm. 
Mesoporous TiO2 deposition 
The TiO2 paste (Dyesol, 30NR-D Titania) with 30 nm particle size is diluted in Ethanol (150 mg/mL). 
The prepared precursor is then spin coated on the sample at 5000 rpm spin coating speed with 2500 
rpm/sec for 10 seconds.  The spin coated sample is then annealed at various temperatures 
described in Table 4-3 in Section 4.2.2. 
MAPbI3 deposition 
The Precursor is prepared by dissolving a 1:1 mol ratio of PbI2:MAI in DMF/GBL(8:2).  The prepared 




coating speed is set at 1000 rpm speed and 1000 rpm/sec acceleration for 3 seconds, followed by 
4000 rpm and 2000 rpm/sec for 25 seconds.  Approximately 250 uL of chlorobenzene is dispensed 
at 5 seconds before the final spin coating duration ends.  The sample is then annealed at 70 ° for 5 
minutes. 
Spiro-OMeTAD deposition  
A premade precursor with 80 mg Spiro-OMeTAD dissolved completely in 1 mL of chlorobenzene.  
17.5 µL of 520 mg/mL of Li-TFSi salt in acetonitrile and 28.5 µL of TBP is then added to the mixture 
to form a homogeneous and slightly yellow solution.  The material is then spin coat on the sample 
at 4000 rpm speed and 1000 rpm/sec acceleration for 30 seconds. 
After the deposition of spiro-OMeTAD, the samples are stored overnight in dark in the desiccator 
(<10 RH%) before counter electrode deposition  
Au electrode deposition 
100 nm of gold is deposited via electron beam evaporation with a 5 kV gun and current between 32 
mA and 38 mA at a low pressure of 1×10-5 torr. 
The completed device is then stored overnight in dark in the desiccator before characterization 
4.5 Conclusions 
Both compact and mesoporous TiO2 layers have been tested to optimize the device’s overall 
electrical performances through characterisations such as thin film surface imaging, optical 
transmittance, or absorbance.  The overall thickness of the two layers in combination needs to be 
below 400 nm to allow electrons to transport effectively from the active perovskite layer to FTO, the 
transparent conductive electrode.  Different deposition methods and parameters of the MAPbI3 
perovskite layer has been tried and tested.  The anti-solvent method proves to be the better 
method for depositing MAPbI3 film with minimal cracks or pinholes.  The hole transport layer, spiro-
omeTAD, and counter electrode were kept constant for this research.  The best power conversion 




Most of the devices fabricated without humidity control shows lower Voc and Jsc when compared 
with the devices fabricated in a controlled environment.  This indicates that there are more 





5. Submicron upright pyramids with Au nanoclusters 
for Perovskite Solar Cell Applications 
5.1 Introduction 
The application of light trapping structures onto perovskite solar cells (PSC) has the potential of 
improving the amount of incident light reaching the active photon absorption layer.  Moreover, 
with increased interest in multicolor solar cells [20, 170], integrating metallic nanoclusters within 
the light trapping nanostructures can be utilised to fine tune the absorption spectra of the 
wavelength of interest.  This is providing that these structures maintain the required transparency 
for visible light to enter the device. [128]  Furthermore, the degradation of the various layers by 
UV radiation is one of the main factors that determine the stability of perovskite solar cells.  The 
addition of metallic nanoclusters should potentially improve the long term stability of the device 
while not compromising the efficiency of the device. 
The use of nanostructured light trapping features for reducing reflections and enhancing incident 
light absorption is a well-established technique [114, 123, 171].  While a few researchers are 
focusing on applying nanostructures onto the transparent substrate for PSC devices, most of the 
works were focused on theoretical modelling and simulations [17, 113, 172], with very few that 
include experimental demonstrations.  Shi et al. tried to use pre textured substrates in their 
experiments, but the textured substrate they used was commercially available FTO glass from Asahi 
glass. The textured substrate was achieved by depositing fluorine doped tin oxide (FTO) in a 
particular way that the surface roughness of the film was much higher than the commonly available 
FTO on glass [173].  This requires special deposition methods that are not readily available in most 
labs and are solely provided by one particular company [173-175].  Tavakoli et al. have published a 




Their structures show an increase of 9 % on power conversion efficiency, from 12% to 13.14%.  
Although this method improved the overall performance slightly, however, the fabrication was time-
consuming since PDMS needs to be thermally cured at 80 °C for at least 2 hours.  The coating of 
nanostructures directly on the substrates via nanoimprinting, as reported by Amalraj et al. would 
reduce the required time dramatically [140, 141]. 
Furthermore, the demand for colourful photovoltaic panels is one of the demands for rooftop 
applications [18, 19, 111, 177].  One of the possible ways to achieve multicolour solar cells is to 
incorporate metal nanoclusters on or within the nanostructures.  Metal nanoclusters, such as Al, 
Ag, or Au, have been studied [114, 178].  Their optical absorbance spectrum can be adjusted, 
depending on the material type choice, cluster size, the number of atoms per cluster, and the 
distance between the nanoclusters [129, 130].  Adding nanoclusters to surface textured substrates 
can be used to achieve both light scattering and device colour tuning.   Conventionally, the 
nanoclusters are usually deposited on the surfaces after the surface nanostructures are formed. 
Here we investigate the effect of adapting the use of upright sub-micron pyramids on the 
commercially available, non-textured FTO glass employing nanoimprinting lithography (NIL) for 
pattern transfer.  The coated PSC device was then compared with the samples without 
nanostructures or clusters features.   It is worth mentioning that the UV curable resist (Ormostamp) 
used in this research is widely used as a stamping material for the nanoimprint process.  Long term 
stability of the nanostructures under outdoor conditions was not fully examined in the past.  
Therefore, the durability of the nanopyramids was also studied in this thesis under different external 
conditions.   
We also attempted to dope the nanopyramids with nanoclusters instead of coating the 
nanopyramids.  Solvent compatible Au9(PPh3)8(NO3)3 was selected as the possible candidate in 
doping the solvent based UV curable resist.  Au9(PPh3)8(NO3)3 has been studied extensively by 
Professor Golovko’s group at the University of Canterbury [179, 180].  Figure 5-1 shows the 




Au9(PPh3)8(NO3)3 is small in size (1.8 nm on average) and can be dispersed in solvents such as 
Dichloromethane or Isopropanol alcohol, which are compatible with the UV curable Ormostamp 
resist.  For this research, Au9(PPh3)8(NO3)3 nanoclusters were mixed into the UV curable polymer 
and the physical and optical characteristics of the Au nanocluster doped nanopyramids with the 
undoped samples were compared.  Furthermore, the effect of Au nanoclusters on the 
nanopyramids’ self-cleaning characteristics was also examined. 
 
Figure 5-1 Au9(PPh3)8(NO3)3 crystal structure obtained from F. Wen, U. Englert, B. Gutrath, and U. Simon, "Crystal 
Structure, Electrochemical and Optical Properties of [Au9(PPh3)8](NO3)3," European Journal of Inorganic Chemistry, vol. 
2008, pp. 106-111, 2008. CCDC-645243, The Cambridge Crystallographic Data Center, 
https://dx.doi.org/10.5517/ccpnf91 [181]. 
5.2 Nanopyramid Fabrication 
There are several steps in upright nanopyramid fabrications.  A flow chart of the whole process is 
shown in Figure 5-2.  To form the 3D pyramid structure on the glass substrate with nanoimprinting, 
a stamping mould needs to be fabricated first.  The Si mould with inverted pyramids feature was 
first patterned with interference lithography described in section 3.1.2 on the photosensitive 




form the inverted pyramids in the Si substrate.  The Si mould is then used as the stamping mould 
for upright nanopyramids with the UV curable photoresist. 
 
Figure 5-2 Upright nanopyramid fabrication flow chart.  The Si mould is patterned with interference lithography and 
then formed the inverted pyramids with dry and wet etchings.  The nanoimprinting of upright nanopyramids used the 
Si with inverted pyramids as the stamping mould to form the upright pyramids with UV curable Ormostamp resist. 
5.2.1 Doping Ormostamp with Au9(PPh3)8(NO3)3 Gold nanocluster 
Au9(PPh3)8(NO3)3 crystals were synthesized and obtained from Associate Professor Vladimir 
Golovko’s research group.  The crystals were synthesized following the recipe described by 
Anderson et al. [179]  Figure 5-3 shows the process followed in this work for incorporating 
Au9(PPh3)8(NO3)3 into the Ormostamp, the UV curable resist.  The Au9(PPh3)8(NO3)3 crystals were 
first dispersed in dichloromethane to obtain a homogeneous brown coloured solution.  The 
mixture is then mixed with Ormostamp with a magnetic spinner for 5 minutes, resulting in a lighter 
brown coloured homogeneous mixture.  The mixture was then placed in the fume hood to allow 
evaporation of the dichloromethane in the mixture at room temperature until the Au9 doped 





Figure 5-3 Doping method of Au9 nanoclusters into Ormostamp UV curable resist: (a) Mix Au9 with dichloromethane 
DCM, (b) Mix Au9 solution with UV curable Ormostamp, and (c) leave to evaporate dichloromethane at room 
temperature 
5.2.2 Silicon Mould Fabrication 
6. Table 5-1 Thermal oxidation growth of SiO2 on <100> silicon wafer with dry and steam assisted oxygen. 
Dry The furnace was fed with oxygen gas from an oxygen cylinder with 
99.9% purity.  The duration of this process is 5 minutes.  This is to 
grow a high purity of SiO2 at the interface of silicon and SiO2. 
Wet Oxygen gas is bubbled through the 75 °C water then fed into the 
furnace tube.  This way the oxygen gas is also carrying the water 
vapour into the furnace, increase the SiO2 growth rate.  The duration 
of this process is 10 minutes. 
Dry Once the required thickness of SiO2 is reached, another 5 minutes of 
dry oxygen growth with the process explained above.  This is to 
provide high quality SiO2 at the interface of SiO2 and the subsequent 
layer on the thermally grown SiO2. 
The method of fabricating silicon moulds for this research was established previously at our 
Nanofabrication laboratory as detailed by Sivasubramaniam et al. and Amalathas et al [138, 182].  
It began with depositing, growing, and spinning the tri-layered films on top of the <100> oriented Si 
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wafer using a high-temperature quartz tube furnace at 1000 °C with both dry and steam assisted 
oxygen, as shown in Table 5-1. 
A 200 nm of AZ BARLiII (MicroChemicals GmbH) was then spin coated onto the wafer to eliminate 
the unwanted reflection from the Si substrate.  Following that, another layer of 50 nm of SiO2 was 
thermally evaporated on the BARLi Antireflection coating.  After the evaporation of SiO2, a thin 
layer of adhesion promoter, Hexamethyldisilazane (HMDS) and a layer of diluted AZMiR 701 
photoresist (imaging layer) in PGMEA were spin coated onto the wafer before the lithography 
exposure. 
Laser Interference Lithography (LIL) was used to pattern the sub-micron sized dots onto the 
photoresist explained in chapter 3.  Two exposures at 90° angle difference, with exposure times 
ranging from 60 seconds to 80 seconds depending on the laser intensity, were used to form nanodots 
with /2 periodic pitch. 
Table 5-2 ICP process recipe for transferring nanohole patterns from the photoresist to the silicon substrate.  The whole 
process, including loading unloading samples, takes approximately 5 minutes to complete. 




















O2 50 5 250 100 32 
Thermally grown 
SiO2 
CHF3 25 10 200 100 120 
Initial pattern transferring was done by using reactive ion etching (RIE) with either oxygen or CHF3/Ar 
plasma in the research done previously [182].  For this research, the dry etching process has been 
switched to ICP, as described in section 3.3.2, with the process conditions shown in Table 5-2.  For 
RIE dry etching, including pumping down and changing parameters for each layer, could take as long 
as an hour to complete the whole process.  ICP dry etching reduces the time required to 





A 30% Potassium hydroxide (KOH) in water was used to perform anisotropic etching on the exposed 
Si surface to form inverted pyramids. KOH will attack the <110> orientation 20 times more than the 
<111> orientation forming inverted pyramids. While most of the layers would be removed during 
the previous pattern transfer dry etching process, the thermally grown SiO2 would remain as the 
masking layer during the KOH wet etching step.  The remaining SiO2 layer was finally removed using 
a buffer HF solution until the substrate surface appears to be hydrophobic. 
5.2.3 Upright pyramid nanoimprinting 
The silicon mould fabricated with a method described in section 5.2.2 was first cleaned with a 
mixture of sulfuric acid and hydrogen peroxide to remove organic materials from the mould, 
followed by a standard solvent ultrasonic clean of acetone, methanol then isopropanol alcohol.  A 
10 minute oxygen plasma treatment was used to further remove any remaining organics, and ensure 
that the mould is hydrophilic for the anti-adhesion coating deposition step.  The mould was then 
placed in a vacuum desiccator for 2 hours to obtain a self-assembly monolayer of (1H, 1H, 2H, 2H-
perfluorooctyl) trichlorosilane solution (F13-TCS) as the anti-adhesion coating. 
Glass substrates were cleaned with solvents and treated with oxygen plasma to achieve a hydrophilic 
surface on the substrate.  A layer of adhesion promoter, Ormoprime08 was spin coated onto the 
layer to enhance the adhesion between the substrate and the imprint resist.  An imprint tool, 





Figure 5-4 Nanoimprinting of nanopyramids: (a) Left: operating mechanism of the imprint tool; right: the imprint tool 
used at the nanofabrication laboratory, University of Canterbury.  (b) Process of nanoimprinting upright nanopyramids: 
(1) UV curable resist Ormostamp dispense on the silicon mould, (2) Substrate placed on top of mould then followed by 
4 minutes of UV flood exposure, and (3) manual demoulding of the sample from the silicon mould. 
The mould was placed face-up on the holder with a drop of pure or Au9(PPh3)8(NO3)3 doped 
Ormostamp dispensed in the centre of the mould.  The substrate with the Ormoprime08 layer was 
placed directly on top of the mould.  The weight of the substrate and the vacuum pressure of 4 
mbar provided the required applied force for imprinting.  The stack was exposed to UV light with 
approximately 5 mW/cm2 for 4 minutes to cure the resist and form the upright pyramids.  
Demoulding (separating the mould from the substrate) was done manually to separate the silicon 




5.3 Perovskite Device Fabrication 
 
Figure 5-5  Basic structure of Perovskite solar cell with nanopyramids coated on the glass substrate. The pyramids are 
placed on the side that will be exposed to the sunlight 
Figure 5-5 shows a typical basic structure of the device fabricated in this work.   There are three 
main layers for most perovskite solar cells structure, the TiO2 electrons transport layer, the active 
perovskite layer, and the Spiro-omeTAD holes transport layer.  The fabrication of the perovskite 
solar cell for this chapter uses the fabrication processes optimized in Chapter 5. 
5.3.3 Perovskite Precursor Preparation 
TiO2 precursor for mesoporous TiO2 layer was prepared by diluting TiO2 paste with TiO2 
nanoparticles (Great Solar Cell, average particle size 30 nm) in absolute Ethanol with 150 mg/mL 
concentration.  The solution was stirred at 50 °C for at least 2 hours before use. 
Precursor for the active perovskite layer was prepared by dissolving MAI (Great Solar Cell) and PbI2 
(Lumtec) in a mixed solvent of Dimethylformamide (DMF) and Dimethylsulfoxide (DMSO) with 1:1 
molar ratio at 70 °C. 




elsewhere [19, 56, 57].  72 mg of Spiro-omeTAD (Lumtec) was dissolved in 1 mL of Chlorobenzene 
(CB) with 28.8 µL of 4-tert-Butylpyridine and 17.5 µL of 520mg/mL 
Bis(trifluoromethane)sulfonamide salt (Sigma Aldrich, 99.95 metal trace basis) in acetonitrile.  The 
precursor was prepared immediately before spin coating the layer. 
5.3.4 Device Fabrication 
Unwanted section of fluorine-doped tin oxide (FTO) films on soda lime glass substrates (MSE supplies, 
7-10 ohm/sq sheet resistance) was etched with Zinc powder and 2M Hydrogen chloride in DI water, 
followed by substrate cleaning with acetone, methanol, and isopropanol alcohol.  The substrates 
were dried with nitrogen gas and stored in the oven set at 95 °C. 
Before the deposition of compact TiO2, the dehydrated substrates were further cleaned with oxygen 
plasma for 10 minutes.  A 115 nm of compact TiO2 layer was deposited via DC magnetron 
sputtering of Titanium target (Lesker,) at 200 W with a plasma of a mixture of Oxygen and Argon gas. 
The chamber background pressure was at approximately 4.8×10-6 Pa.  The sputtering processing 
pressure was 3x10-3 Pa for the combination of Ar and O2 gas.  The flow rate of the Ar is set at 6 
sccm whereas the flow rate for O2 is set at 12 sccm, to maintain a ratio of 1:2 of Ar: O2. 
Mesoporous TiO2 layer was deposited via spin coating the prepared precursor from Section 4.3.1 at 
5000 rpm with 2500 rpm/second acceleration for 10 seconds.  The samples were then annealed on 
the hotplate at 500 °C for 30 minutes with slow ramping, to obtain TiO2 with anatase phased crystal 
structure. 
The active perovskite layer was deposited via anti-solvent deposition under normal laboratory 
conditions, with humidity around 30 RH%.  The prepared perovskite precursor was spin coated at 
1000 rpm for 10 seconds, followed by 5000 rpm for 30 seconds.  Approximately 150 µL of CB was 
dispensed on the sample 10 seconds before the spin coating is completed to wash off the DMF and 
DMSO.  The sample was annealed at 100 °C for 1 hour to further remove the solvent in the film 




Once the samples have cooled down to room temperature, the prepared spiro-omeTAD precursor 
was spun coated onto the sample at 4000 rpm for 30 seconds.  The samples were then rested in 
dark at humidity lower than 10 RH% for 7 to 8 hours before a 100 nm thick layer of gold evaporated 
with Electron beam evaporation. The completed device has an FTO conductive oxide front contact, 
TiO2 (Electron Transport Layer), Perovskite active layer, Holes Transport Layer, and Au rear contact. 
5.4 Device Characterisation 
Doping the Ormostamp UV curable resist from Microresist with gold nanoclusters raised the 
question such as whether the features formed by Ormostamp would remain as robust as the 
features without gold nanocluster doping.  While it is preferred that the nanopyramids to be 
applied after the device fabrications, devices like perovskite solar cell is very sensitive to UV light 
and may induce active film degradation during curing the resist with UV light.  Moreover, the long 
term stability of the UV cured nanopyramids in physical structure and optical characteristics have 
never been studied before.  Part of this research looks at the long term stability of the 
nanoimprinted nanopyramids, doped and undoped with gold nanocluster  The robustness of the 
nanopyramids will also be investigated and determine whether any subsequent semiconductor or 
thin film fabrications can be done after the application of nanopyramids. 
5.4.3 Au nanocluster doped nanopyramid stability test 
The suitability of the nanopyramids coating for solar cell applications was examined by subjecting 
the samples to temperatures at different time lengths, exposure to UV light, and testing the pyramid 
structures in the oxygen plasma. The pyramids were made of UV curable polymer, commercially 
available Ormostamp from Microresist. 
The as-fabricated nanopyramids were placed on the hotplate at various temperatures ranging from 
100 °C to 300 °C with different durations of time from 30 minutes to 2 hours.  This test was used to 




elevated temperature, and what are the thermal limits of the UV cured resist with sub-micron 
pyramids.  A separate test on temperature ramping speed was conducted from 35 °C/hour to 450 
°C/hour to investigate whether the polymer withstands thermal cycles and any changes in physical 
properties including cracks. 
For the O2 plasma treatment test, Ormostamp samples with pyramids imprinted were subjected to 
O2 plasma at different time durations ranging from 10 seconds to 10 minutes with the Plasma Asher 
(Tergeo Plasma Cleaner, 100W, 5 sccm O2 flow rate).  Plasma with different power levels ranging 
from 30 W to 100W was also tested to find the operating range of the UV curable polymer used in 
fabricating the nanopyramids coating. 
Samples were also exposed to continuous UV light for over 5 hours with 40 mW/cm2 intensity to 
imitate the stability of nano pyramids under continuous sunlight exposure.  The only light source 
that’s available in the nanofabrication laboratory which has 100 mW is the solar simulator, which 
could not operate in long hours.  Therefore, the alternative light source was used in this case.  
Moreover, studies showed that UV light is more detrimental than visible light and New Zealand is 
one of the countries that have higher UV intensity [184].  While the overall sunlight intensity is 
approximately 100 mW/ cm2 across the whole UV-visible wavelength region at the midday of the 
equator, the UV intensity is approximately 5 mW/cm2 for the extreme case.  Using the UV light with 
40 mW/cm2 intensity could test the nanopyramid’s long term stability in a much shorter time, since 
the intensity is approximately 20 times larger than the average UV intensity in Christchurch, with 
peak UV intensity between 2.75 mW/cm2 and 3.5 mW/cm2 in summer [185]. 
5.4.4 Surface Morphology and Optical Characterisations 
The Submicron pyramid’s morphology was examined and analyzed using atomic force microscopy 
(AFM) from Veeco.  Images of the pyramids before and after each treatment were taken for 
comparison. Shimadzu UV-2600 spectrophotometer fitted with an integrating sphere was used to 




before and after treatment. Contact angle measurement equipment was used to determine the 
change in the hydrophobic characteristic of the pyramids after treatments compared to as-cured 
samples.  The experiment was repeated 3 times with DI water sample cleaning and dried with 
Nitrogen gas subsequently between experiments. 
5.5 Results and Discussion 
5.5.3 Nanopyramids physical morphology and optical characteristics 
Figure 5-6 shows the AFM image and profile trace of the inverted pyramids silicon mould used for 
the nanoimprinting process and the replicated upright nanopyramids.  The pyramids are 
approximately 300 nm in height, 500 nm in width, with 600 nm pitch on average.  Direct replication 
and clean demoulding were achieved by ensuring the adhesion force at the interface of resist and 
mould was smaller than the adhesion force at the interface of resist and substrate by using the anti-
adhesion agent. The optical transmittance of the upright pyramids coated on quartz is compared to 
the plain quartz substrate as shown in Figure 5-7.  The total transmittance of the nanopyramids 
was maintained above 70 % in the visible wavelength range.  High transmittance can be seen at a 
shorter wavelength range.  The refractive index of Ormostamp after UV curing falls between 1.5 
and 1.52 at the visible light wavelength range, according to the manufacturer’s datasheet, which is 





Figure 5-6 (a) and (b) are AFM images and profiles of silicon mould with inverted pyramids. (c) and (d) are AFM images 
and trace profiles of the upright nanoimprinted pyramids showing that the pyramids are 300 nm high and 500 micron 
nm in width. 
          (a)                       (b) 





Figure 5-7 Optical transmittance of the nanoimprinted upright pyramids shown as a solid line. 
5.5.4 Device Performance 
The glass substrates used for device fabrication were approximately 1.1 mm thick.  Figure 5-8 
shows the improvement in UV-Vis absorbance with and without the nanopyramid light trapping 
feature.  An increase in absorbance can be seen, especially in the shorter wavelength region, an 






Figure 5-8 Absorbance of perovskite active layer when nanopyramids applied to the glass substrate 
Figure 5-9 and Table 5-3 shows the current-voltage characteristics of the perovskite device, where 
the open circuit voltage, Voc, the short circuit current density Jsc, Fill factor FF, efficiency and series 
Rs and parallel Rsh resistances are calculated and measured for devices prepared with and without 
the nanopyramid coating.  An increase in Jsc from 17.30 mA/cm2 to 17.90 mA/cm2 at the reverse 
scan could be observed, as well as an increase from 42.6% to 52% in fill factor (F.F) and reduction in 
series resistance Rs from 173.68 Ω to 83.29 Ω.  Overall, a slight improvement in device performance 
was observed.  Further improvement of device performance can be expected if the placement of 
nanopyramids is altered.  With submicron pyramids, the light scattering usually happens at the 
area closer to the substrate surfaces.  This works for silicon solar cells since the p-n junction of the 
silicon solar cell is usually relatively close to the substrate surface.  For the perovskite solar cell, 
however, the light needs to travel pass through the transparent substrate, the FTO electrode, and 
TiO2, the electron transport layer.  Therefore, the light scattering effect needs to be much longer.  
This can be done by fabricating the nanopyramids at the interface of the glass substrate and the 
transparent electrode, reducing the optical path that the scattered light needs to travel to the 





Figure 5-9 IV characteristics of perovskite with and without nanopyramids conducted in forward and reverse scans. The 
reverse scan is always higher than the forward scan in agreement with the hysteresis expected from perovskite solar 
cells.  The active area of the cell is 0.1 mm2, which is defined as the area where the gold electrode and FTO 
electrode overlap.  3 samples with 3 isolated cells each for each variable have been fabricated in the same 
batch to ensure the validity of the result. 
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Forward 4.32 34.70 789.80 15.79 460.1 9.39 2.21 865.20 195.56 
Reverse 6.09 42.60 825.00 17.30 480.10 12.68 2.42 10001.00 173.68 
Average 5.21 38.65 807.40 16.55 470.10 11.04 2.32 5433.10 184.62 
With 
Pyramid 
Forward 3.93 34.90 747.70 15.05 500.10 7.85 2.11 686.87 139.48 
Reverse 7.38 52.00 792.00 17.94 540.10 13.67 2.51 28076.00 83.29 
Average 5.66 43.45 769.85 16.50 520.10 10.76 2.31 14381.44 111.39 




5.5.5 Nanopyramids Thermal stability 
5.5.5.1 Physical and Optical stability 
 
Figure 5-10  AFM images of nanopyramids after 1 hour of heat treatment at different elevated temperatures from 200 
°C to 300 °C. 
Figure 5-10 shows the AFM images of the nanopyramids nanoimprinted on 1 cm2 quartz substrates 
kept at different elevated temperatures for 1 hour.  In comparison with the as-fabricated pyramids 
shown in Figure 5-6 (c), the pyramids’ physical morphology/shape integrity was maintained up to 
250 °C.  As the temperature increased to 300 °C, the height of the pyramids decreased by 
approximately 33% of the original height.  The side faces of the pyramids show more degradation 
(wrinkles) compared to the corners of the pyramids.  Because of the optical transparency nature 
of Ormostamp resist, the UV light used for curing the polymer would also travel through the resist 
and get reflected by the silicon mould.  This results in the resist receiving UV light at a higher 
intensity than the 4 mW measured.  The resist receives higher UV light intensity at the corners 
where the faces of the pyramid connect due to the double UV light reflected by the two faces.  In 
consequence, the cured resist is more robust at the corners of the pyramids compared with the faces.   
This study was the first to examine the temperature and oxygen stability of the Omostamp. The 
results obtained from this test helps in designing suitable process steps for coating the perovskite 
solar cells. Therefore, for perovskite solar cells with mesoporous TiO2 as the electron transport layer, 
the nanopyramids need to be imprinted after the deposition of TiO2.  TiO2 thin film deposition 
usually requires high temperature sintering to get the anatase crystal phase, which is the most 




photocatalytic crystal phase for TiO2.  Fabricating the nanopyramids after the device is complete 
was not possible as well.  This is because the UV light would either get absorbed by the photoactive 
layer or reflected by the metal electrode. 
 
Figure 5-11 Optical transmittance comparison of the upright nanopyramids on quartz under different elevated 
temperatures for 1 hour. 
The optical characteristics of the samples are shown in Figure 5-11.  The nanopyramids have high 
transmittance at 500 nm to 800 nm wavelength when measured at ambient temperature (25 °C) and 
raised gradually to 250 °C.  A huge drop in transmittance can be observed above 250 °C and higher.  
This is due to the polymers in the UV cured resist being burnt by the high heat. 




5.5.5.2 Self-Cleaning characteristic stability 
 
Figure 5-12 Changes in contact angle after exposure to different temperatures in air for 2 hours  Each variable were 
tested at least 3 times with over 5 contact angles on both left and right side.  The contact angle at the left and right 
side is then averaged to obtain the average value of the contact angle of each reading.  The middle line of the box graph 
refers to the average of all contact angles measured from the sample.  75 % of the measured value is below the top 
edge of the box and 25% of the measured value is below the bottom edge of the box.  The top and bottom whisker 
marks are the maximum and minimum of the measured contact angle. 
The nanoimprinted pyramids surfaces are, in general, hydrophobic. This allows the surfaces to be 
washed easier and prevents the accumulation of dust from building up on their surfaces.  Their 
Hydrophobic surface results in self-cleaning properties of devices coated with the nanopyramids 
adding another advantage to their antireflection properties.  The characteristic is determined by 
measuring the contact angle of water droplets on the surface of nanopyramids.  These 
characteristics also change as the ambient temperature changes.  Figure 5-12 shows the changes 
in contact angles when the ambient temperature increases.  The samples were tested three times 
with at least five readings for the contact angles at both the right and left sides of the droplets being 
recorded.   While the nanopyramid’s physical morphology maintains as the temperature increased 
to 200 °C, the contact angle of the water droplet on the substrate decreased. This indicates the loss 




contact angle drops to similar values as the plain, non-textured quartz substrate. 
 
Figure 5-13 AFM 3D constructed image of the nanopyramids after they were subjected to different O2 plasma duration: 
(a) 10 seconds, (b) 30 seconds, (c) 1 minute, and (d) 5 minutes. 
O2 plasma is often used to clean and remove organic materials on substrates.  This O2 plasma test 
is to determine the robustness of the pyramids, and whether the pyramids can be pre-coated before 
fabricating the perovskite solar cells.  Figure 5-13 shows the changes in the physical morphology of 
nanopyramids after exposed to a short period of O2 plasma.  The result shows that the 
nanoimprinted pyramids could withstand O2 plasma for up to 5 minutes.  As the duration increased 
to over 5 minutes, the damage of O2 plasma to the nanopyramids was visible. 
The Nano pyramids are made of the UV curable Ormostamp and found that they can maintain their 
integrity when exposed to O2 plasma for up to 5 minutes, temperature up to 250 °C, and UV light 
intensity for up to 5 hours. 
            (a)             (b) 




5.5.6 Doping Au9(PPh3)8(NO3)3 in Ormostamp 
The Ormostamp UV curable resist for nanopyramids is optically transparent and allows all the light 
in the UV-Vis wavelength region to pass through.  The possibility of doping the nanostructure with 
nanoparticles or nanoclusters to allow light with a certain wavelength to pass through has hardly 
been looked at in the past.  The effect of the nanoparticles or nanostructures on the optical 
characteristics of the nanopyramids has been investigated.  Moreover, whether doping the 
nanopyramids with nanoparticles or nanoclusters would result in a change in the physical 
characteristics of the nanopyramids is also being studied. 
5.5.6.1 Physical and optical characteristics of Au9 doped nanopyramids 
The physical characteristic of Au9 doped nanopyramid is measured with AFM imaging described in 
section 3.4.1.  This is to determine whether identical nanopyramids could form when Ormostamp 
is doped with Au9 nanoclusters.  The optical characteristic of the doped nanopyramid has been 
investigated with UV-Vis spectrometry to understand how much effect of the nanoclusters on the 
nanopyramid’s optical transparency.  Figure 5-14 (b) shows the physical morphologies of 
Au9(PPh3)8(NO3)3 nanoclusters doped nanopyramids and compares them with the plain 
nanopyramids (a).  The result shows that adding Au9 nanoclusters does not affect the physical 
structures of the nanoimprinted pyramids.  There is, however, quite a bit of change in the optical 





Figure 5-14 Surface morphology of nanopyramids with or without Au9: (a) and (c) AFM image and trace profile of the 
nanopyramids without Au9 nanoclusters; (b) and (d) AFM image and trace profile of Au9 doped nanopyramids. 
This is illustrated in Figure 5-15.  Au9 nanocluster has strong absorbance at the shorter wavelength 
region, which agrees with the literature.   As the concentration increased the optical transmittance 
at a shorter wavelength drops dramatically.  This is possibly due to a higher probability of 
agglomeration of the nanoclusters when the concentration was increased [180].  For photovoltaic 
applications, the concentration of Au9 should be limited to below 2% of the total volume to maintain 







Figure 5-15 Optical transmittances of nanopyramids with different Au9 concentrations, insert shows quartz samples 
coated with nanopyramids at two different Au9 doping concentrations.  The optical characteristics are measured with 
the Shimadzu UV-Vis spectrometer with an integrated sphere at the Department of Chemistry, University of Auckland. 
5.5.6.2 Stability of Au9 doped nanopyramids 
The physical morphology of the Au9 doped nanopyramids seems to be less affected by the elevated 
temperature up to 250 °C, as shown in Figure 5-16.  While both doped and undoped nanopyramids 
could maintain their physical morphologies up 250 °C, the nanostructure size shrank when treated 
at 300 °C for an hour.  The doped nanopyramids had their height reduced by 100 nm, whereas the 





Figure 5-16 Nanopyramids physical morphologies subjected to elevated temperatures for one hour period. 
 
Figure 5-17 Total transmittance variation at various elevated temperature for Au9 doped and undoped nanopyramids 
The optical transmittance of samples at elevated temperatures is shown in Figure 5-17.  Samples 
with Au9 shows a rapid drop in transmittance when the temperature increased to 225 °C, whereas 
the undoped pyramids maintained its high transmittance when the samples were placed at 250 °C 
for one hour.  This is possibly due to the ligands of Au9 decomposing at temperatures above 200 °C.  
This indicates that fabricating perovskite solar cells with TiO2 as the electronic transfer layer on 















substrates coated with nanopyramids is not possible since the fabrication of TiO2 usually requires 
high temperature annealing at around 500 °C.  Substitute TiO2 with other wide bandgap metal 
oxides such as ZnO or SnO2 might be able to overcome this problem.  Otherwise, the pyramid 
coating must be performed at the final stages of the fabrication process. 
 
Figure 5-18 Contact angle measurement of Au9 doped nanopyramids.  The contact angle of the sample dropped to 
below 70 ° when the temperature increased to 250 °C, whereas the undoped sample could maintain around 70 ° at the 
same temperature. 
The as-deposited Au9 doped nanopyramids have an average contact angle around 80 °, as shown in 
Figure 5-18. This is approximately 20 ° lower than the pristine nanopyramids.  This indicates that 
the nanocluster doped nanopyramids are less hydrophobic compared with the pristine 
nanopyramids.  However, as the temperature is increased, the contact angle did not decrease as 
much as the pristine nanopyramids did.  The Au9 doped nanopyramids’ contact angle was 
maintained at or above 60 ° whereas the undoped nanopyramids’ contact angle dropped below 60°.  
Therefore, the processing temperature for any subsequent fabrication on substrates with nano 





Figure 5-19 AFM images of nanopyramids (a) before O2 plasma treatment, (b) plain pyramids after 5 minute O2 plasma 
treatment, and  (c) Au9 doped and 5 minute O2 plasma treatment 
 
Figure 5-20 Profile of the nanopyramid samples shown in Figure 5-19.  An increase in height from just over 400 nm to 
close to 500 nm for Au9 doped nanopyramids.  The side of the nanopyramids changed from smooth flat faces to rough 
and curved faces.  This indicates the side surfaces of the pyramids have been attacked by the O2 plasma and some UV 
cured resist has been etched.   
The shape integrity of the nanopyramids was influenced and degraded after O2 plasma treatment 
and was more pronounced for samples doped with Au9 as shown in Figure 5-19.  The increase in 
height, as shown in Figure 5-20 is possible due to the redepositing of the etched resist particles at 
the tip of the pyramids.  It could also possibly because of the grooves between the pyramids being 
attacked by the plasma.  The side faces of the pyramids made of Ormostamp showed very small 
degradation after 5 minutes of O2 plasma, the side faces of Au9 doped pyramids appeared to be 
affected more as evident by the wrinkle formed.  These tests against, temperature, O2 plasma, UV 




exposure guide our fabrication process steps.  For example, the Au9 doped nanopyramids can be 
applied after the deposition of the active perovskite layer and can be cleaned with O2 plasma 
provided it does not exceed 5 minutes.  Undoped nanopyramids structures made from Ormostamp 
can withstand a harsher environment than the doped ones. 
5.6 Conclusions 
In this study, the feasibility of applying nanoimprint lithography of submicron pyramids on perovskite 
solar cells was examined, and the stability of the submicron pyramids’ optical and physical 
characteristics under various environmental conditions was tested.   An increase in reverse scan 
efficiency from 6 % to over 7 % and from 5.21 % to 5.66 % in the forward scan was obtained with 
the nanopyramids incorporated PSC device. The pyramids could maintain their physical morphology 
when ambient temperature increased up to 250 °C, with 75 % transmittance maintained at 
wavelengths longer than 550 nm.  The pyramids textured features made of the Ormostamp were 
also stable in O2 plasma for approximately 5 minutes without any change in physical morphology, 
suggesting that a short plasma clean of the substrates for device preparations is feasible.  This 
indicates the possibility of fabricating nanopyramids on the substrate before the fabrication of 
perovskite solar cell thin films. 
The successful use of Gold nanoclusters in the Ormostamp nanopyramids showed a strong 
absorbance in the UV region, showing the possibility of preventing the high energy UV light from 
damaging the photoactive layers.  However, the thermal stability of Au9 doped nanopyramids is not 
as stable as the undoped nanostructure.  The optical transmittance of the nanopyramids was 
below 40 % at 400 nm wavelength when the temperature increased to 200 °C and dropped to 0 % 
when the temperature elevated to 250 °C.  The Au9 doped nanopyramids also appear to be more 
easily attacked by the O2 plasma when compared with undoped samples, indicating that it is more 





6 Modifying Perovskite Compositions for 
wavelength selectivity 
6.1 Introduction 
For greenhouse research, the ability of solar cells to select the range of wavelengths to absorb or 
transmit is vital.  Different plants required a slightly different energy level of light for each of the 
growth steps.  To achieve that, one possible way is to tune the bandgap of the thin film solar cells, 
so that the device only absorbs certain wavelengths of light and allows the light that the plant 
needed to pass through.  This section looks into the possibility of modifying the active perovskite 
layer’s composition to achieve absorbing selectively wavelengths for photovoltaic conversion and let 
wavelengths essential for plants to pass through for plantation.  The device fabricated for this part 
of the research is based on the mesoscopic structure with triple cation perovskite 
(Cs0.05(MA0.17FA0.83)0.95Pb(I0.83Br0.17)3) composition used as the photoactive layer.  Here, the cation 
refers to MA, CH3(NH2)2+ (FA), and caesium (Cs).  Triple cation perovskite was proved to be able to 
achieve higher overall power conversion efficiency, with higher absorbance at the longer wavelength 
range and better stability [1]. 
6.2 Cesium doped Triple cation perovskite solar cell 
fabrication in humidity controlled chamber 
Triple cation perovskite solar cell has proved to have better moisture stability compared to the 
original CH3NH3PbI3 based solar cell [1].   While all the other films are similar to the device 
fabrication described in earlier sections, the deposition of the triple cation perovskite layer is based 
on the details published by Saliba et al [1, 41, 69].  This section provides a slightly modified 




the materials in triple cation perovskite, the process is done in a low-cost humidity-controlled 
glovebox that’s been described in detail in section 3.5.  A spin coater that can pre-set 2 spinning 
steps were placed in the glovebox, with hot plates at both sides of the spin coater.  Both perovskite 
and spiro-omeTAD layers were fabricated in the glovebox.  The humidity is reduced down to less 
than 15% before depositing the perovskite layer.  A temperature and humidity monitor was used 
to ensure the chamber’s temperature is maintained below 28 °C and humidity below 15 % during 
perovskite film spin coating and annealing.   A continuous purge of nitrogen with approximately 5 
L/min is used during fabrication.  A typical fabrication description of the triple cation perovskite 
active layer is shown in Table 6-1. 
Table 6-1Triple cation perovskite fabrication 
Triple cation perovskite with the anti-solvent method 
Separate vials were used to dissolve FAI/MABr and PbI2/PbBr2 in a mixed solvent of DMF/DMSO 
(7:3). The two mixtures are then combined to achieve 1 mol of FAI, 0.2 mol of MABr, 1.1 mol of 
PbI2, and 0.22 mol of PbBr2 in the mixture.  For dissolving PbI2/PbBr2, an elevated temperature 
of 150 °C is needed. A 5 % of 1.5 mol CsI in DMSO is then mixed with the solution to achieve a 
stoichiometry of Cs0.05(MA0.17FA0.83)0.95Pb(I0.83Br0.17)3. 
The deposition of triple cation perovskite is using spin coating with the anti-solvent method, with 
a slight modification of the timing of chlorobenzene dispensing when compared to the one 
published by Saliba et al [41].  This is due to the consideration of the 10 to 15% humidity that’s 
in the glovebox.  The prepared precursor was spin coated on the substrate with 1000 rpm and 
1000 rpm/second for 10 seconds, followed by 5000 rpm and 5000 rpm/second for 20 seconds. A 
200 uL of chlorobenzene is then deposited on the spinning substrate 10 seconds before the 
spinning ends.  The substrate was then immediately annealed at 100 °C for 1 hour to remove 





6.2.1 Perovskite precursor composition modification 
Unless stated otherwise, all materials were used directly as received from the supplier.  Precursors 
with different amounts of Iodine, bromine, and chlorine were prepared based on the standard triple 
cation perovskite precursor preparation with a mixed solvent of 4:1 v/v DMF: DMSO.  Here, X and 
Y refer to the anion of iodine, bromine, or chlorine, with X as the dominant anion in the mixture.  A 
stock solution of 1.5 M CsX in DMSO was first prepared and stored in a dry and dark cabinet.  The 
stock solution can be stored for a long time as long as it is stored in dry places.  The preparation 
process is shown in Figure 6-1. 
 
Figure 6-1 Perovskite precursor preparation: X and Y refer to the anion of iodine, bromine, and chlorine, where X is the 
dominant anion in the mixture. 
Two separate vials were used to dissolve FAX+PbX2 salt and MAY+PbY2 salt with DMF: DMSO (4:1 
v/v) mixed solvent at 100 °C to obtain homogeneous clear solutions.  The solution was then 




the total mixture volume) was added to the mixture to achieve as close to the stoichiometry of 
Cs0.05MAFAPb(X0.83Y0.17)3 as possible.    The control sample based on the triple cation precursor 
preparation, described in Table 6-1, followed the procedure developed by Saliba et al [41].  To 
simplify the variables, the ratio of FA and MA were kept at 5:1 and the amount of caesium at 5% of 
the total precursor volume.  The CsCl and CsBr powders are difficult to dissolve in the solvent, so 
approximately 100 μL of deionized water is first used to completely dissolve the powder, then DMF 
is added to obtain 1.5 mol of CsCl and CsBr solutions.  The use of water to dissolve CsCl and CsBr 
was a concern initially since it is already confirmed that moisture affects the quality of perovskite 
film formed.  However, currently, water is the only solvent that can dissolve CsCl and CsBr.  Also, 
there are recently published results claiming that incorporating a small amount of water in precursor 
promotes the formation of good quality perovskite film [187, 188].  The molar ratios of each 
material in each sample were shown in Table 6-2.  All precursors were prepared fresh before spin 
coating. 
Table 6-2 compositions of the precursor materials in molar ratios (FA, MA, etc) and percentage (Cs materials) in the final 




























Control Cs0.05MAFAPb(I0.83Br0.17)3 1.0   0.2   1.1 0.2  5.0   
1 Cs0.05MAFAPbI3 1.0 0.2     1.3   5.0   
2 Cs0.05MAFAPb(Br0.83I0.17)3  0.2 1.0    0.2 1.1   5.0  
3 Cs0.05MAFAPbBr3   1.0 0.2    1.3   5.0  
4 Cs0.05MAFAPb(Br0.83Cl0.17)3   1.0   0.2  1.1 0.2  5.0  
5 Cs0.05MAFAPb(Cl0.83Br0.17)3    0.2 1.0   0.2 1.1   5 
6 Cs0.05MAFAPb(I0.83Cl0.17)3 1.0     0.2 1.1  0.2 5.0   
7 Cs0.05MAFAPb(Cl0.83I0.17)3  0.2   1.0  0.2  1.1   5.0 




6.2.2 Device Fabrication 
Substrate preparation and both compact and mesoporous TiO2 were deposited according to the 
procedure described in Chapter 4.  Once the compact and mesoporous TiO2 were deposited, the 
substrates were transferred to the glovebox for subsequent fabrication processes.  The active 
perovskite layer was deposited via spin coating with the anti-solvent method with precursors 
prepared according to the composition described in Section 6.2.1, followed by annealing at 100 °C 
on the hotplate for 1 hour.  Spiro-omeTAD was then deposited on the cooled down substrate via 
dynamic spin coating at 4000 rpm for 30 seconds.  The samples were then rested in a dry cabinet 
with less than 10 % humidity, under dark, for at least 8 hours before depositing 100 nm of the gold 
electrode using electron beam evaporation.  The completed devices were then stored overnight in 
a dry box, in dark before proceeding with device characterisations. 
6.2.3 Device Characterization 
Precursor modified perovskite thin films has been tested with Cary 6000i UV-Vis spectrometer to 
determine the absorbance of the thin films within the visible wavelength range.  
Photoluminescence spectrometer setup from Ocean Insight was also used to determine the 
excitation energy of each sample by looking at the standing peak position of the spectrum.  
Customized set up of spectral response measurement was arranged with Cary UV-Vis spectrometer 
for wavelength sweeping and a Keithley 2400 source meter for photocurrent measurement.  A HIT 






6.3 Results and Discussions 
6.3.1 Cesium contained triple cation perovskite solar cell performance 
The completed device is measured with the ABET Sun 3000 solar simulator set up described in 
Section 2.4.1, with 100 mW/cm2 light intensity.  The sample performance under light shows that 
the open circuit voltage of triple cation perovskite solar cell can be boosted to 1 V, as shown in Table 
6-3.  A boost in short circuit current density was also seen in triple cation perovskite solar cell when 
compared with MAPbI3 based perovskite solar cells.   However, a huge hysteresis effect is present 
in the device, as shown in Figure 6-2.  There is a 5 mA/cm2 difference in short circuit current and 
over 35 % difference in fill factor values between forward and reverse sweeping.  There was also 
an interesting decrease in the short circuit current when the sweeping voltage is less than 0.5 V.  
Similar effects have been observed in other published literature [189-191].  The exact reason for 
this decrease is unknown, but most likely to be caused by the electronic traps introduced by the 
electron transport layer.  To minimise this effect, preconditioning the device with a forward bias 
voltage that’s close to the open circuit voltage value for a very short time is required.  This effect 
appeared to be minimised when testing the improved sample described in section 6.3.5, along with 
devices prepared with different perovskite compositions. 
Table 6-3 Best performance of triple cation perovskite solar cell fabricated in humidity controlled glovebox with humidity 
kept at around 15 %. 
  
Reverse Forward Average 
Efficiency % 10.39 2.43 6.41 
Fill Factor % 58.50 21.30 39.90 
Voc mV 1009.30 909.80 959.55 
Jsc mA/cm2 17.61 12.57 15.09 
Vmax mV 580.10 360.10 470.10 





Figure 6-2 I-V relationship of triple cation perovskite solar cell with Cs0.05MAFAPb(I0.83Br0.17)3. The recipe was based on 




































6.3.2 Fabrication of perovskite solar cells with different compositions 
 
Figure 6-3 Perovskite solar cells with different iodine, bromine, and chlorine contents.  The image was taken after 
characterisation with a solar simulator. 
Figure 6-3 shows the completed devices with different iodine, bromine, and chlorine contents, with 
viewing from the FTO substrate side.  The images were taken after the devices have been 
characterised with the solar simulator and spectral response measurements.  Samples were store 
under a low vacuum before and between measurements.  The colour of the samples changed from 
dark brown to red, orange, then towards yellow.  This indicates the wavelength of the light being 









































6.3.3 UV-Vis absorbance of perovskite with different compositions 
 
 
Figure 6-4 Absorbance of perovskite film with different anion concentration on TiO2 coated quartz. 
The modified perovskite films with different compositions were tested with the UV-Vis spectrometer 
to measure their absorbance wavelength range.  The result is shown in Figure 6-4.  Different 
perovskite compositions resulting in a change in light absorbance at the UV-Vis wavelength range.  
The addition of the anions such as bromine, chlorine, and iodine changes the size of the crystal 
structure and thus results in the modification in the bandgap potential.  Iodine abundant 
perovskite film usually absorbs light better at longer wavelengths with wavelength above 600 nm.  
The addition of bromine in iodine abundant perovskite increases the material’s absorbance at the 
shorter wavelength region.  Increasing the amount of bromine while decreasing the iodine 
concentration results in a decrease in absorbance at the long wavelength range.  The addition of 




when bromine or chlorine is added to the mixture.  This is confirmed with PL spectroscopy in 
section 6.3.4.  Similar results with MAPbI1-xBrx composition have been reported elsewhere, 
however, this could be the first time the triple cation perovskite with CsMAFAPbX3 compositions 
incorporating different anion (X=I, Br, Cl, I/Br, Br/Cl or I/Cl) being reported. 
Apart from the control and the sample that contains only Iodine has absorbance across the whole 
visible wavelength.  All other samples absorb light at wavelengths shorter than 600 nm.  All 
samples, except the control sample, have absorbance less than 4 at 400 nm wavelength.  This is in 
agreement with the absorption spectrum that has been published in the literature [1, 109].  
Samples containing more chlorine anions show the lowest absorbance and all absorbs wavelength 
shorter than 450 nm.  Sample with (I0.83Cl0.17)3 anion composition shows two peaks in the 
absorbance spectrum at around 450 nm and 520 nm.  The most possible explanation of the double 
peaks would be the segregation of iodine and chlorine atoms due to the crystal structure instability.  
There was no published report regarding the fabrication and characterization of triple cation 
perovskite with iodine and chlorine mixture.  While there are reports regarding the 
characterization of perovskite with MAPbI1-xClx, the 2 peaks shown in Figure 6-4 were not seen in 
any of the literature [192].    Sharp peaks were also present in the bromine dominated samples, 
which have also been seen in MAPbIBr related in the published literature [183, 193, 194].  
Therefore, this could confirm that the sharp peak is most likely come from the incorporation of 
bromine. 
6.3.4 Photoluminescence measurements of perovskite films with 
different compositions 
To ensure that the perovskite layers fabricated with the modified precursor are suitable for solar cell 
applications for selective wavelength, substrates coated with perovskite thin films and mesoporous 




changes in the bandgap of the composition modified perovskite and their possible use in wavelength 
selective solar cells.  The set up for PL is explained and described in Section 2.4.2, employing the 
acquisition software Ocean View from Ocean optics.  The 1 mW blue laser with 405 nm wavelength 
was used as the light source for PL measurement with a 1 mm diameter spot size.  Some samples 
were more sensitive to the laser exposure, resulting in the number of photon counts exceeding the 
maximum photon counts that can be collected by the detector and the software.  Therefore, filters 
with various optical densities were used to reduce the intensity of the laser, as shown in Table 6-4, 
so that peaks of the PL signals of each sample do not exceed the software limit.  The integration 
time was kept at 750 ms to ensure enough photon counts can be collected from samples producing 
weak signals. 
Table 6-4 Actual Incident laser intensity used for each sample.  The optical density refers to how much energy of the 
incident light has been blocked by the filter.  An O.D (1) filter allows only 10% of incident laser to be passed through.  
There is a limit on how much photon count could be recorded with the software.  When the photon count exceeds the 
value, the signal would be saturated.  The change in incident laser intensity is to ensure that the PL peaks versus 
wavelength of the sample could be recorded. 















3.18 15.92 7.96 0.80 0.80 7.96 7.96 31.85 
A Silicon detector was used to collect the photons generated by the laser exposed sample.  Figure 
6-5 shows the normalized PL peak position in photon counts versus the wavelength after 30 seconds 
of laser exposure in air.  Perovskite films that were composed of pure chlorine did not give any PL 




Cs0.05MAFAPbCl3 is higher than the incident laser, or Cs0.05MAFAPbCl3 is not a photoactive material. 
The control sample, based on the composition published by Saliba et al. [1], shows a PL peak around 
762.61 nm wavelength.  This agrees with the PL peak measured by Saliba’s team.  The addition of 
bromine and the reduction of iodine shows a blue shift of PL peak to 702 nm as expected.  
Surprisingly, there was not much redshift of the PL peak when there is 100 % iodine and 0% bromine 
in perovskite.  The addition of chlorine in the composition provided further blue shift of the PL 
peaks in general.  However, samples with more chlorine (anion composition of (Cl0.83Br0.17)3 and 
(Cl0.83I0.17)3) produce very weak PL peaks.  Reasonable photon counts (2000 for (Cl0.83Br0.17)3 and 
less than 100 for the sample with (Cl0.83Br0.17)3 anion composition were collected with higher laser 
intensity.  The bromine/chlorine mixture showed very little difference in peak positions, but there 
was a huge difference in the actual photon count collected.  For bromine dominated sample such 
as the sample with (Br0.83Cl0.17)3 anion composition, the incident laser intensity used was 25 μW, 
producing a maximum of 3100 photon counts.  At the same time, the maximum photon counts for 
chlorine dominated sample, the sample with (Cl0.83Br0.17)3 anion composition, excited with 250 μW 





Figure 6-5 Normalised PL peak of different perovskite compositions after 30 seconds of laser exposure.  Control sample 
refers to sample composition with Cs0.05MAFAPb(Br0.17I0.83)3.  Samples are labeled with different anion molar ratios.  
Increasing the concentration of bromine in the composition for iodine/bromine mixed samples blue shifts the peak 
towards a shorter wavelength.  The small amount of chlorine mixing with bromine also blue shifts the PL peak slightly.  
Increasing the amount of chlorine in the composition reducing the intensity of the photoluminescence generated from 
the sample. 
The wavelength shift under continuous exposure of the laser to the perovskite films was also 
examined, as shown in Figure 6-6, with a peak position at different times shown in Table 6-5.  Due 
to the difference in incident laser intensity, it is difficult to compare between samples.  Therefore 
this is used to look at every single sample’s wavelength shift when it was exposed to the incident 








Table 6-5 PL peak position of perovskite film with different compositions at different exposure times. 
  Control I3 (I0.17Br0.83)3 Br3 (Br0.83Cl0.17)3 (Cl0.83I0.17)3 (Cl0.17I0.83)3 
30 seconds 763 764 703 531 530 615 782 
1 minute 763 798 705 529 535 636 790 
2 minute 763 797 720 530 535 635 789 
5 minute 763 795 752 535 538 638 789 
10 minute 765 794 763 541 536 734 787 
Most of the samples did not show a rapid wavelength shift within the first 10 minute period when 
exposed to the laser continuously.  However, when the wavelength shift occurs, it was always red-
shifted, from higher energy to lower energy.  The control sample shows the most stable peaks out 
of all the samples.  Sample with the anion composition of I3 containing only iodine as the anion in 
the composition, shows a slight redshift of the PL peak, from 760 nm to close to 800 nm.  Moreover, 
the intensity of the PL peak was increased from 200 to 400 photon counts in 10 minutes.  Sample 
with the anion composition of (Br0.83I0.17)3, with bromine dominating the bromine and iodine anion 
mixture, showed a wider redshift of the PL peak, from 700 nm to 766 nm, when compared with 
sample with I3 composition.  Sample with anion composition Br3 contains Br anion only, showing 
the strongest PL intensity with no wavelength shifts.   It was found that the incident laser intensity 
needed to be reduced down to 25 μW for this particular sample to ensure the maximum of the PL 
peak stays within the detector and software limits.  Fewer wavelength shifts were seen in samples 
with anion composition of (Br0.83Cl0.17)3 and (Cl0.83Br0.17)3.  The sample with iodine-chlorine 
combinations of (Cl0.83I0.17)3 shows a double peak, one at 614 nm and one at 739 nm when exposed 
to the 405 nm laser.  Similar dual peaks could be seen in the sample with (I0.83Cl0.17)3 composition,  
with one peak at 680 nm and one peak at 775 nm.  This phenomenon has been seen in other 
perovskite compositions with MAPbBr3 or MAPbI3 compositions but has not been seen in triple 
cation or mixed cation related perovskite compositions [195, 196].   There are no red-shift of the 
PL peak seen for sample 6 after 10 minutes of continuous laser exposure.  For the sample with 
anion composition of (Cl0.83I0.17)3, however, the peak at around 600 nm red-shifted to close to 700 




The red-shift of the PL peaks are most likely be caused by the ion migration or ion segregation within 
the perovskite thin film [82, 125].   This is also one of the reasons that cause the hysteresis effect 
during device I-V measurements under light illumination.  The cause of ion migration is yet to be 
confirmed, as various literature tried to explain the phenomenon [81, 84, 197].  This test can also 





Figure 6-6 PL spectrum of samples with different iodine, bromine, or chlorine concentrations exposed to laser with 
different exposure times.  Most of the samples show red-shift after exposure with laser exposure over time.  The 
signal recorded from the sample with (Cl0.83I0.17)3) composition shows a high level of noise, due to the weak photon signal 
that was generated. 
 







6.3.5 Current-Voltage characteristics of devices with different perovskite 
compositions 
 
Figure 6-7 IV scan of perovskite solar cells with different perovskite compositions.  Voltage sweep between -0.4 V to 
1.2 V, with scan rate at 0.02 V/s.  3 samples with 3 isolated cells each for each variable have been fabricated in the same 
batch to ensure the validity of the result. 
The mixed anion samples were then fabricated into a complete device with a typical mesoscopic 
structure shown in Figure 4-2 and tested with ABET 3000 solar simulator.  To minimise the effect of 
the ambient light and humidity on the devices, all samples were fabricated in the same batch.  All 
devices have been preconditioned with a forward bias voltage at 900 mV for 10 seconds under 
illumination immediately before the actual measurements.  There is evidence that suggests by 
preconditioning the device with the solar simulator light and a bias voltage near the estimated open 




device structure, improving the actual measured open circuit voltage and the fill factor of the device 
[198, 199].  This results in a noticeable improvement in the overall device performance. 
Table 6-6 Performance of devices with different perovskite compositions.  3 samples with 3 isolated cells each for each 
variable have been fabricated in the same batch to ensure the validity of the result. 




Reverse 7.47 36.30 1020.50 20.15 
Forward 4.69 26.00 965.80 18.69 
Average 6.08 31.15 993.15 19.42 
I3 
Reverse 11.74 58.90 986.90 20.22 
Forward 6.08 34.20 964.20 18.43 
Average 8.91 46.55 975.55 19.33 
(Br0.83I0.17)3 
Reverse 5.48 50.70 932.40 11.60 
Forward 2.14 27.20 815.30 9.65 
Average 3.81 38.95 873.85 10.63 
Br3 
Reverse 2.45 54.60 999.00 4.49 
Forward 0.71 28.10 863.00 2.94 
Average 1.58 41.35 931.00 3.72 
(Br0.83Cl0.17)3 
Reverse 0.29 25.00 619.70 1.86 
Forward 0.02 24.50 119.60 0.71 
Average 0.16 24.75 369.65 1.29 
(I0.83Cl0.17)3 
Reverse 7.52 45.70 894.60 18.41 
Forward 3.04 26.50 893.40 12.82 
Average 5.28 36.10 894.00 15.62 
The IV performances of the devices with modified perovskite composition is shown in Figure 6-7 and 
Table 6-6.  For this experiment, devices with chlorine abundant perovskite (samples with anion 
composition of (Cl0.83Br0.17)3, (Cl0.83I0.17)3, and Cl3) show no photo-electric conversion when tested 
under solar simulator conditions of 100mW/cm2.  Only the IV curves of the following 6 samples 
could be tested.  Iodine abundant devices (control sample and samples with I3 and (I0.83Cl0.17)3 
compositions) show higher overall power efficiency when compared with other samples.  The best 
performance is the sample with I3 anion composition, with iodine as the only anion in the 
composition.  The conversion efficiency of this device has reached over 11% at reverse sweeping, 
and close to 9% on average.  The bromine abundant devices (samples with (Br0.83I0.17)3, Br3, and 




efficiency when compared with the iodine abundant samples.  This corresponds with the 
absorbance measurement shown in section 6.3.3, where the bromine abundant samples only 
absorb light under 600 nm, indicating lights longer than 600 nm would pass through the device for 
plantation.  Light with wavelengths longer than 600 nm is the most important light for the 
photosynthesis system, as described in section 1.1. 
6.3.6 Spectral Response of perovskite solar cells with different perovskite 
compositions 
 
Figure 6-8 Spectral response in A/W versus incident light wavelength of perovskite solar cells with different perovskite 
compositions. 3 samples with 3 isolated cells each for each variable have been fabricated in the same batch 
to ensure the validity of the result. 
As described in Section 2.4.3, the spectral response measurements for the perovskite modified 




a source meter for short circuit current measurement.  A reference cell with known external 
quantum efficiency, obtained from Taiwan Semiconductor Institute, NARLabs, Taiwan was used to 
determine the UV-Vis light source irradiance, as described in section 2.4.3.  The calibration of the 
system light using the reference cell is also shown in section 2.4.3  The measured short circuit 
current at each wavelength is then converted to spectral response with the unit of Amp/Watt/cm2, 
to determine the amount of current being generated from the solar cell, or the number of electrons 
excited per absorbed photons. 
Figure 6-8 shows the spectral response of the devices with different perovskite compositions in the 
visible wavelength range.  The control sample displays similar spectral responsivity when compared 
with the literature [200-202].  The measured spectral response is then used to calculate the 
expected short circuit current density (Jsc), using equation 2-10.  The calculated Jsc for the control 
sample (Cs0.05(MA0.17FA0.83)0.95Pb(I0.83Br0.17)3) is 18.33 mA/cm2, whereas the measured Jsc is 19.33 
mA/cm2.   
Sample with I3 anion composition was able to generate the current across all visible wavelength 
range, but the responsivity level is relatively low when compared with the control sample.  This 
may be because the composition, Cs0.05(MA0.17FA0.83)0.95PbI3, is less stable when compared with the 
control sample.  The bromine abundant devices show relatively good spectral response at 
wavelengths shorter than 600 nm, but no current generated when the wavelength is longer than 
600 nm.  This agrees with both the absorbance and Photoluminescence measurement presented 
in section 6.3.3 and section 6.3.4.  This indicates that the bromine abundant samples could 
potentially allow light with a longer wavelength to pass through for plantation applications.  
Sample with Br3 anion composition shows similar spectral responsivity as the published literature 
with MAPbBr3 composition [201].  The addition of the Cs and FA cations in 
Cs0.05(MA0.17FA0.83)0.95PbI3 did not affect the current generation on a longer wavelength.  The huge 
drop of short circuit current density of the 3 devices in section 6.3.5 is probably because the samples 




devices (anion composition of (Cl0.83Br0.17)3, (Cl0.83I0.17)3, and Cl3), only sample 5 displays very weak 
spectral responsivity at short wavelength regions, when the wavelength is shorter than 450 nm.  
This might be why it was not possible to measure the current-voltage for chlorine abundant samples. 
6.4 Conclusions 
Solar cell color tuning for rooftop perovskite solar cells has been quite popular for both aesthetic 
and functional purposes.  Furthermore, greenhouse plantation requires different light for different 
plant’s growth stage.  One of the most popular ways is to modify the bandgap of the photosensitive 
perovskite layer so that only part of the light is being absorbed and utilized by the solar cell and the 
rest could be passed on to the plants.  In this research, caesium contained triple cation solar cells 
with different ratios of Iodine, Bromine, and chlorine as the anion mixtures for the active perovskite 
solar cell have been investigated.  When the bromine anion concentration increased for the 
samples with I/Br mixture, the optical absorbance of the device blue shifts from absorbing the whole 
visible wavelength spectrum to absorbing lights with wavelengths shorter than 550 nm.  The 
chlorine contained samples show much weaker absorbance within the visible wavelength range.  
The PL measurement of perovskite thin film samples with different anion mixtures agrees with the 
measurement of the optical absorbance in the visible wavelength.  The position of PL peak blue 
shifts to a shorter wavelength as the bromine concentration increased in the composition for the 
I/Br mixture.  The Photon count of the PL peaks for the chlorine abundant samples is a lot weaker 
when compared with bromine abundant or Iodine abundant samples.  The perovskite thin film 
with chlorine as the only anion in the composition does not emit any photons for the system to 







7 Research Summary 
Perovskite solar cells is have attracted large attention from both the academic and industry 
communities since its discovery in 2009 due to the high efficiency achieved in a short time.  Due to 
its transparent nature and strong photosensitivity in the visible range, it is possible to utilize 
perovskite solar cells for various applications, such as on glass windows and in greenhouses which 
is the aim of this work.  The idea is to design wavelength-selective solar cells that absorb part of 
the solar spectrum and transmit other wavelengths that are important for plant growth such as the 
UV and IR wavelengths.  The main limitations of the PSC are their stability both during fabrication 
and during operation which are greatly affected by the moisture in the air and under prolonged light 
exposure.  For greenhouse applications, typical perovskite solar cells have good light absorbance 
across the whole visible wavelength range.  This indicates that the light reaching the plants may 
not be enough.  Different plants require different wavelength range to grow at a different stage of 
their life cycle, and therefore the ability to select which wavelength to reach the plants would be 
very important and desirable. 
This research explores methods for fabricating perovskite solar cells under the usual laboratory 
environment and compares it with glove box prepared cells.  This includes optimization of the 
electron transport layer and the active photon absorbing perovskite layer.  To improve the overall 
light absorption and reduce reflections from the front surface, Nano pyramids were applied as the 
light trapping and scattering features.  In addition, the nanopyramids were doped with gold 
nanoclusters to explore the possibility of increasing the light absorbance at particular wavelengths.  
The final part of this research looks into the possibility of changing the colour absorption spectrum 
of the perovskite solar cells by changing the composition of the active perovskite layer to achieve 
wavelength selectivity.  This allows light with particular wavelengths to be used by the plantation, 




7.1 Fabrication of perovskite solar cell without humidity 
control 
In this study, various methods were employed and tested based on MAPbI3 perovskite solar cell 
fabrication.  The initial attempt on the PSC device preparation, with spin coated compact TiO2, 
produced less than 0.1 % in power conversion efficiency.  After changing the deposition method of 
compact TiO2 from spin coating to DC sputtering, the overall efficiency of the device improved to 
over 3%.  This was further improved by first applying a bilayer mesoporous TiO2, with 2 different 
particle sizes.   The overall efficiency was increased to over 5% when the TiO2 layers are optimized 
further.  This was later on modified to utilize single layer mesoporous TiO2 with 30 nm particle size, 
to achieve an increase in short circuit current density, which was able to improve from approximately 
11 mA/cm2 to as high as 17 mA/cm2.   
Different deposition methods were tried for the active photon absorbing MAPbI3 layer and 
compared for materials properties and device performance.  The anti-solvent method shows the 
best performance, with minimal cracks and pinholes as indicated through the SEM and AFM imaging.  
The overall efficiency of the cells reached an average of over 8% for the anti-solvent method, which 
is a significant increase from where this research began.  The surface morphologies of the thin film 
were also imaged with SEM, showing that the grains of the MAPbI3 film deposited with the anti-
solvent method are tightly connected, whereas thin films deposited with other methods have a large 
number of pinholes in the film.  The amount used and timing for dispensing during spin coating of 
the chlorobenzene was also examined.  The best timing of dispensing the chlorobenzene to remove 
the excess solvent is approximately 20 seconds before the high speed spin coating speed is finished, 
with 250 μL of chlorobenzene results in better overall power conversion efficiency, with improved 
fill factor, open circuit voltage, and short circuit density.  




can greatly affect the performance testing of the device.  Preconditioning the cell with light and 
biased voltage near open circuit voltage for at least 30 seconds could increase the short circuit 
current from 15 mA/cm2 or less to over 18 mA/cm2, and open circuit voltage from less than 800 mV 
to close to 1 V.    The modification of sweeping direction from single forward sweeping to double 
sweeping with forward and reverse sweeping gave a more accurate measurement of perovskite solar 
cell’s IV characteristics, due to the hysteresis effect.   
A comparison between devices fabricated in a controlled environment and the devices fabricated in 
this section.  A noticeable improvement in short circuit current density and open circuit voltage 
can be seen.  This results in an improvement in average power conversion efficiency from 
approximately 4.5 % to 7.5 %. 
7.2 Gold nanocluster doped nanopyramids for perovskite 
solar cells 
In this study, the feasibility of applying nanoimprint lithography of submicron pyramids on perovskite 
solar cells was examined, and the stability of the submicron pyramids’ optical and physical 
characteristics under various environmental conditions was tested.   When the Perovskite solar 
cells were coated with nanopyramids, an increase in reverse scan efficiency from 6 % to over 7 % 
and from 5.21 % to 5.66 % in the forward scan was obtained.  The pyramids could maintain their 
physical morphology, ie height, sidewalls, overall size to up to 250 °C, but the optical transparency 
was dropped 60 %, from approximately 75% transmittance to 25 % transmittance at 400 nm light 
wavelength, as the temperature increased to 200 °C, but maintained above 75 % transmittance at 
wavelengths longer than 550 nm.  The pyramids textured features made of the Ormostamp were 
also stable in O2 plasma for approximately 5 minutes without any change in physical morphology.  
This suggests the possibility of a short plasma clean of the substrates (if required) for device 




The successful use of Gold nanoclusters in the Ormostamp nanopyramids showed a strong 
absorbance in the UV region.  This could be used to prevent the high energy UV light from 
damaging the photoactive layers.  It is possible, in the future, to incorporate different sizes of 
nanoclusters or nanoparticles, or a mixture of different sizes to block/allow different wavelengths 
depending on the applications.  However, the thermal stability of Au9 doped nanopyramids is not 
as stable as the undoped nanostructure.  The optical transmittance of the nanopyramids was 
below 40 % at 400 nm wavelength when the temperature increased to 200 °C and dropped to 0 % 
when the temperature elevated to 250 °C.  The Au9 doped nanopyramids also appear to be more 
easily attacked by the O2 plasma since the physical morphology, measured with AFM for the samples 
before and after the 5 minutes immersion in O2 plasma.  This indicates that it is more difficult to 
prefabricate the nanopyramids on the substrate before the fabrication of solar cells. 
 
7.3 Wavelength selectivity with different perovskite solar 
cell compositions 
The final part of the research looks into changing the composition of the active perovskite layer to 
achieve wavelength selectivity.  The original composition of the device as the control sample is 
based on caesium contained triple cation perovskite solar cell published by Saliba et al. [1]  
Different concentrations of iodine, bromine, and chlorine were used in an attempt to change the 
absorbance of the film at different wavelength regions.  The thin films’ absorbance and 
photoluminescence excitation were tested and showed that by changing the amount of bromine 
and iodine in the composition shift in the PL peak to shorter wavelength was achieved, but could 
only reach around 550 nm.  The mixture of chlorine and bromine was able to push the PL peak 
slightly further to 530 nm, but the more chlorine added to the composition, the less stable the 




to laser for only a short period.  Moreover, the more chlorine added to the composition, the less 
luminescent it is.  The sample with Cs0.05MAFAPbCl3 composition shows no PL peaks over a range 
of the laser source intensity.  This agrees with the absorbance measured, which has an absorbance 
of less than 0.5 across the whole UV-Vis spectrum when compared with other samples with 
iodine/bromine compositions which has an absorbance of over 1 for wavelengths longer than 600 
nm and over 2 at 400 nm wavelength.  Chlorine abundant samples have the least absorbance when 
compared with other samples.  The measured PL peaks of the samples were also red-shifted when 
exposed to the laser continuously for 10 minutes.  This is due to the ion migration caused by laser 





8 Future Works 
This research provides the starting point for perovskite solar cell fabrication research at the 
nanofabrication laboratory, University of Canterbury.  We also have shown the possibility of 
achieving the application of nanostructures on perovskite solar cells for light trapping, as well as the 
wavelength selectivity by changing the composition of perovskite solar cells.  Further 
improvements in the perovskite solar cell fabrication process and characterizations are still in need.  
Moreover, the possibility of making tandem solar cells could also be looked at for better 
performance of the device. 
8.1 Perovskite solar cell S.O.P. 
While the perovskite solar cell fabricated in this research does work and can be compared with some 
of the emerging solar cell performances, it has not yet reached the performance that is close to the 
published champion records.  Moreover, the fabrication process of the perovskite is greatly 
dependent on manual handling during the deposition, which could incur human handling errors very 
easily and ends up with low repetitive results (reproducibility problems). 
Several ways are possible to explore improving the performance of the device further.  For example, 
using SnO2 instead of TiO2 for the electron transport layer could be a good start.  There are 
published reports that proposed SnO2 might be a better choice than TiO2 for the electron transport 
layer since SnO2 does not degrade like TiO2 under UV light exposure [42, 51, 52].  Furthermore, 
there are reports that the hysteresis effect of the solar cell’s IV characteristics for devices fabricated 
with SnO2 as the electron transport layer has been minimised.  Moreover, SnO2 does not require 
high temperature annealing like anatase TiO2, saving the energy used for device fabrication. 
The compact TiO2 layer for this work was deposited with DC sputtering, which could take up to 4 
hours for deposition time.  While it produces dense TiO2 thin films, the time consuming is its 




would help reduce the fabrication time required.   
Alternatively, improving the hole transport layer for the perovskite solar cells is another way to boost 
the device’s performance further.  While the composition of spiro-omeTAD doped with Li+ ions for 
this research remains the same, there are reports showing that including some other additives such 
as adding the cobalt ions, apart from lithium ions could improve the performance of the solar cells 
[203, 204]. 
To improve the reproducibility of the perovskite solar cells fabricated with the same process and 
conditions, minimizing manual handling is probably one of the most important parts.  The 
dispensing of the materials for removing the solvent in the thin films is usually done manually.  
Developing an implementation on the spin coater that automatically dispenses the material during 
spin coating would help eliminate the uncontrollable uncertainties such as the critical timing, more 
precise anti-solvent amount, and the pressure during dispensing. 
8.2 Stability 
The hysteresis effect of the device needs to be studied more regarding where it came from.  From 
the literature studied for this research, the improvement of hysteresis could be improved by 
reducing the thickness of compact TiO2 while maintaining a dense thin film with high quality.  One 
common deposition method for the compact TiO2 is spraying TiO2 precursor [205], with oxygen gas 
as the carrier gas.  The substrate has to be heated to 500 °C to form ultra-thin layers of compact 
TiO2.  However, due to the health and safety restrictions, it is difficult to set up a spray station at 
the nanofabrication laboratory at the University of Canterbury.  Therefore, alternative methods 
need to be researched.  This could include evaporating TiO2 with electron beam evaporation [146, 
206], and mist chemical vapor deposition. [207]  Alternatively, SnO2 [42], or ZnO [49] are possible 





8.3 Doping nanopyramids with nanoclusters or 
nanoparticles 
Since doping the nanoimprinted nanopyramids with nanoclusters proved possible, different size 
nanoparticles or nanoclusters can also be tested.  While the gold nanoclusters with an average of 
1.8 nm in size improved the UV light absorbance, solvent-based nanoparticles or nanoclusters with 
different sizes that have absorption peaks at different wavelengths could also be tested.  Larger 
nanoparticle size tends to absorb at slightly longer wavelengths 
Moreover, due to the high temperature required during TiO2 fabrication and the high absorbance of 
perovskite at a shorter wavelength, the nanopyramids need to be fabricated after the TiO2 
deposition and before the perovskite deposition.  This could introduce impurities at the interface 
between the TiO2 and the perovskite layer, resulting in traps that would cause the recombination of 
electron-hole pairs.  An alternative method of applying the nanopyramids such as using 
Ormostamp to fabricate transparent imprint mould with inverted pyramids first then use it for 
nanoimprinting the upright pyramids on the substrate with the completed device. 
8.4 Optimization of the different perovskite compositions 
This research demonstrated that by changing the composition of triple cation perovskite, it is 
possible to fabricate devices that absorb highly in particular wavelengths.  Optimization of each 
composition is still required to fine tune the absorption and transmission oat each wavelength.  
Moreover, due to the difficulty in dissolving CsBr and CsCl in the solvent, the actual CsBr and CsCl in 
the composition were predicted to be less than expected.  More research needs to be performed 
into alternative ways of blending CsBr and CsCl in the composition to account for a more accurate 
concentration of chlorine in the composition. 




transparent metal counter electrode such as gold or aluminium is not a good choice.  Transparent 
electrodes such as ITO, Al doped ZnO, FTO, etc are better choices for this type of application.  Due 
to the polymer characteristics of Spiro-omeTAD, some fabrication methods, especially plasma 
related fabrication techniques such as sputtering, are not suitable to deposit the material on spiro-
omeTAD.  More research into methods on fabricating high quality transparent electrode on Spiro-
omeTAD without causing degradation of Spiro-omeTAD is needed. 
8.5 Tandem solar cells and self-powered perovskite LED 
with perovskite solar cell 
Perovskite solar cell is one of the new generation solar cell with great potentials.  Research 
regarding the device’s applications has been quite popular.  The tandem solar cell combining 2 or 
more same or different types of solar cells for overall power efficiency improvements has been very 
popular in recent years.  One of the most successful cases is to apply the semi-transparent 2D 
perovskite solar cell on top of the silicon solar cell, with overall power efficiency exceeding 27 %, 
overpassing the 26.7 % record set by crystalline silicon solar cell alone [208, 209].  Other possibility 
includes Perovskite/CIGS tandem solar cells, perovskite/perovskite solar cells [29, 210].  Most of 
these tandem cells utilized perovskite solar cells for shorter visible wavelength spectrum, and silicon 
or CIGS solar cell for longer visible wavelength and near IR spectrum.  Therefore, the completed 
device can convert light from as short as near UV light (350 nm) to near IR (1100 nm). 
With the perovskite/perovskite tandem solar cell as the basis of the idea, it may be possible to 
fabricate a self-powered perovskite LED with perovskite solar cells.  The perovskite solar cell will 
absorb the sunlight and provide electricity for the perovskite based LED to emit light at a different 
wavelength for plantation.  This is possible to allow perovskite solar cell to absorb all the light in 
visible wavelength range but provide essential light with particular wavelengths for plants at 




involves the wiring of a complete solar panel and the LED.  With a self-powered perovskite LED, it 
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